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ABSTRACT 

In order to improve thin film characteristics, such as, 
purity, adhesion and crystalline structure, for the application to 
high power laser optical coatings, an innovative thin film 
deposition method was developed. A low energy ion beam deposition 
system which permits precise control of deposition parameters was 
designed and constructed. Performance data are given for gaseous 
ion beams and ion beam deposited Pb and Mg films. The deposits 
were analyzed by Rutherford BAe Wenabae wind analysis, transmission 
electron microscopy, scanning electron microscopy and X-ray diffraction 
analysis. 

Both Pb and Mg films show the dependence on incident particle 
energy for their adhesion, thickness, surface coverage, and 
crystalline structure. 

More controlled film characteristics are obtained by this deposition 
method than that of conventional deposition methods. The main 
characteristics of the films obtained by low energy ion beam deposition 
are as follows: 

(1) Strong adhesion at higher deposition energies 

(2) Pure homogeneous films 

(3) Good surface coverage 

(4) Oriented crystalline structure at higher deposition energies 

Most importantly, the precise controllability of the deposition 
parameters and consequently precise control of film characteristics 
for specific applications, makes this technique a viable alternative 


to present film deposition methods. 
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Chapter 1 
Introduction 
1.1 Background 


A serious problem in the development and application of high- 
power lasers is damage to optical interfaces. This damage to 
optical interfaces generally determines the limit of laser performance 
[1]. Limitations to the properties of optical interfaces such as 
weak absorption, the presence of inhomogeneities or nonlinear 
susceptibility, are negligible for low-power lasers, but these 
limitations can cause catastrophic failure of interface materials 
in high-power laser systems. 

Laser optical interfaces, the reflecting mirrors and the output 
windows, generally consist of dielectric or metallic coatings of 
single or multi-layer thin films. Thin films are mainly produced 
by deposition of film materials by vacuum evaporation or by 
sputter deposition onto a substrate of suitable materials. 

As thin film technology has advanced, film characteristics such 
as purity, defect concentration, adhesion, and the range of materials 
that can be deposited in thin film form have been improved by various 
deposition techniques. Vacuum evaporation, the various modes of 
sputter deposition, and ion plating have been well documented 
as to their suitability for a wide range of thin film applications 
[2-5]. 

Inherent in the operation of such techniques wa the inclusion of 


undesirable foreign impurities within the film [6-9]. These impurities 
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can originate at the source of the depositing particles; they can be 
desorbed from the walls of the enclosure, or they can be already 
present in the gas phase within the enclosure. Another disadvantage 
of "conventional" techniques is that the energy of the depositing 
particles is uncontrollable. In fact, using present techniques it 
is difficult, if not impossible, to independently control the many 
factors such as adhesion, sputtering, film damage, and purity that 
can affect film growth processes. Although those conventional 
techniques are perfectly adequate for most applications, certain 
critical processes, such as thin film coatings for high power laser 
optics, have not yet been perfected. 

By further improvement of thin film characteristics, it would be 
possible to produce high-power laser optical interfaces which will 
withstand higher energy radiation. 

Film characteristics can be improved by more precise control of 
deposition conditions. Most of the conventional methods use 
materials which may be in a neutral state, excited state, ionized 
state, or combinations of those. By selecting one particular state and 
manipulating the condition of the incoming material while it is in 
that state, more precise control of deposition parameters can be 
achieved. Ionized material may be easily controlled by manipulation 
of electric and magnetic fields. 

When a low energy metallic ion beam impinges onto a substrate, 
deposition of material from the beam occurs [10-13]. When compared 
with conventional thin film deposition methods, this approach has the 


potential for controlling the above mentioned factors. 
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The purpose of this thesis is to present a theoretical analysis, 
an actual system design and the performance results of a novel thin 
film deposition method which utilizes low energy ion beams. 

1.2 Conventional Thin Film Deposition Methods 

The modern methods for thin film deposition are classified into 
two groups: physical methods and chemical methods. Physical methods 
include the deposition techniques which depend on evaporation or 
Sputtering mechanism. On the other hand, chemical methods depend 
on a specific chemical reaction. In the following section only 
physical deposition methods which employ modern high vacuum technology 
are reviewed. 

The physical deposition methods are broadly classified ne three 
groups, (1) vacuum evaporation, (2) sputter deposition, and (3) 
combinations of (1) and (2), i.e. ion plating. The typical character- 
istics of those techniques are compared in Table 1-1. 

1.2.1 Vacuum ivanotaaion 

Vacuum evaporation is the most widely used technique for thin 
film fabrication. A very large number of solid materials can be 
vaporized by heating to sufficient temperatures. The vapour pressure 
curves for the common elements are shown in Figure 1-1 [14]. The 
condensation of the vapour onto a cooler substrate yields thin solid 
films. Detailed review of the vacuum evaporation is well documented 
in several sources [15, 16]. 

In vacuum evaporation, typical operational pressures are in the 
order of rhe Torr to ensure a straight-line path for vapour atoms. 


Thermal evaporation of solid materials can be achieved by direct or 
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Table 1 .1l 


Comparison of Thin Film Deposition Methods 


Torr) 
Vacuum Incident Particle Particle Adhesion 
Environment* {Particle Energy Mass 
Thermal ~1070 Atoms Thermad Enersy s)Unselected mia 
Evaporation Molecules [uncontrollable 
eG 
Sputtering 10 “10 Atoms < 10eV Unselected 
Molecules uncontrollable 
-1 ~-6 : 
Ion Plating 10 ~%10 Atoms Variable Unselected : Excellent 
Molecules Uncontrollable 
Ions 
-8 
Ion Beam 10 Ions Variable Selected Excellent 
Deposition Controllable . (expected) 


* During Deposition 
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indirect heating, for example resistive heating and electron- 
bombardment heating. 

By adaptation of UHV techniques and the e-beam evaporation method, 
a working pressure of v0 ° Torr is possible [9]. However, in 
vacuum evaporation techniques, the shadowing effect and possible 
contamination from the source or support materials can not be avoided. 
1.2.2 Sputter Deposition 

Sputtering is a process by which a surface of a material (target) 
is bombarded with particles of a sufficient energy to cause ejection 
of a surface atom. The ejected or sputtered atoms can be condensed 
onto a substrate surface, and the formation of a thin film will 
commence. 

In addition to the ejection of surface atoms, secondary electrons 
are ejected from the substrate surface by the impact of bombardment. 
These free electrons can be accelerated in an electric field to cause 
further ionization of the residual gas and such ionization will 
result in further bombardment of the target surface, and a self- 
sustaining reaction will occur. Various modes of sputtering deposition 
systems, such as, glow discharge, reactive, getter, bias and R.F. 
sputtering, are based on this effect. The above sputtering deposition 
method typically require 20 to 100m Torr Argon pressure range to 
maintain the self-sustaining effect. In order to operate in a low 
pressure range, the increasing supply of ionizing electrons (triode 
and R.F. supported sputtering) or the use of a separate ion beam 
source (ion beam sputtering) is commonly used. Typical operational 


pressure of n10-> Torr can be achieved by the above methods. 
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The application of sputtering to thin film deposition is well 
documented in several articles [17, 18]. The most recent ion beam 
sputtering method combined withion milling has become one of the 
most important methods owing to the controllability of deposition 
parameters [19, 20]. 

The main advantages of sputter deposition as compared to vacuum 
evaporation are as follows: 

(1) uniform coating for large and/or complex surface, because 
a large area deposition source (sputtering target) can be 
used rather than a point source; 

(2) deposition of alloy and multicomponent films, because the 
composition of a sputtered film will often be the same as 
that of a sputtered target; 

(3) good adhesion, because the substrate surface can be sputter- 
cleaned before deposition and/or because of the reactive 
nature of the sputtering environment; 

(4) low temperature epitaxy, because the high energy flux can 
be provided to the substrate surface by the high energy electron 
bombardment. 

The main disadvantage of sputter deposition is that the deposition 
rates are lower than that of vacuum evaporation because of the nature 
of the sputtering processes. 
tevez Lon Plating 

Ion Plating, the third technique of vacuum deposition, was 


developed more recently than vacuum evaporation and sputter deposition. 
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Ion plating is a so-called "hybrid'' technique which combines vacuum 
evaporation and sputter deposition. It has same advantages as those 
of sputter deposition and also the advantage of having a relatively 
high deposition rate. 

In ion plating the substrate surface is subject to a high energy 
ion beam sufficient to cause sputtering before and during film 
formation. Usually, ion plating is carried out in a DC glow 
discharge system with a high negative voltage cathode substrate. 
The substrate is bombarded by energetic ions created by a gaseous 
discharge for a time sufficient to sputter-clean the surface 
contamination prior to the deposition of film material. The film 
material is thermally evaporated into a gaseous discharge, and some 
film atoms are ionized. The depositing particles at the substrate 


surface are considered to be [21]; 


(1) some of the energetic particles penetrate into the substrate 
surface; 

O) some are sputtered back to vacuum; 

(3) some remain to begin film formation. 


The glow discharge mode of ion plating is typically operated ina 
high pressure region qo? to iowa Torr). By adaptation of e-beam 
evaporation techniques, a wide range of materials can be deposited 
[22-25]. 

In order to reduce residual gas incorporation into the thin 

6 


films, low pressure mode (10 ay Torr) ion plating techniques have 


been developed, by using an ionization filament [26], RF coil [27], 
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combinations of ionization filament and RF coil [28], and external 
ion beam sources [29, 30]. 
Even for the improved mode of ion plating there are a number of 


unknowns in the process of film formation: 


(1) Percentage of ionization of the depositing materials. 
(2) Energy of the depositing particles. 
£33 Degree of ionization of the depositing particles - singly 


charged or multiply charged ions. 

(4) Species of the depositing materials. 

If deposition is carried out by the ion beam, itself, which is 
extracted from the ion source by various extraction voltages, 
the depositing material will consist of only ionized material, and 
the energy of the depositing particles can be determined precisely. 
Furthermore, if a one mass ion beam with a single mass’ to charge 
ratic is chosen, the deposition of homogeneous films with known 
energy, charge state and mass can be achieved. 

All preceeding conditions are satisfied in the present study 
of the low energy metallic ion beam deposition method. In this 
method, the ion beam is extracted from the separate ion source 
with Le extraction voltages. The extracted ion beam is mass- 
separated and mass-selected by a velocity filter and is deflected 
toward the substrate. The depositing materials consist of 
homogeneous ion beams with known energy and mass. 

If the ion plating is defined as the process in which film 
deposition and ion bombardment take place at the same time, the 


present study of low energy ion beam deposition method can be 
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classified as an elaborate mode of ion plating. 
1.3 Present Study 

The purpose of the present study is to design, to construct 
and to analyze the performance of a low energy ion beam depostion 
system. The system as designed and constructed not only has the 
advantages of ion plating including: the ability to sputter-clean 
of the substrate surface, provision of a high energy flux to 
the substrate surface by ion bombardment, possible physical mixing 
of the film material with the substrate surface, and increase of 
nucleation density of thin films [5], but also achieves minimization 
of residual gas incorporation by UHV techniques, homogeneity of 
the incident particle by mass separator, and controllability of 
the incident particle energy. 

Chapter 2 reviews the processes which occur during low energy 
solid en bombardment onto a solid substrate. 

In Chapter 3, the design criteria necessary for the construction 
of the low energy ion beam deposition system is discussed. Following 
the specification of the system, the construction and performance 
tests of the system are described. 

Chapter 4 describes fo and Me" ion beam deposition and analysis 
of deposits by various diagnostic methods, such as, Rutherford 
Backscattering analysis, electron microscopy analysis, and x-ray 
diffraction analysis. 

In Chapter 5, the limitations of the present system and possible 
solutions for those limitations are described. 


Chapter 6 summarizes the present study. Advantages of the low 
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energy ion beam deposition method compared with existing deposition 


methods are discussed. 
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Chapter 2 


Low Energy Ion Beam Deposition Processes 
2.1 Introduction 
The processes that will occur during low energy solid ion beam 
deposition are: 

1) when an energetic ion approaches a conductive substrate 
surface, electron capture or electron emission will occur and 
consequently the incident ion will be neutralized; 

2) the neutralized ion (energetic atom) will then lose its 
kinetic energy by collision with a substrate atom or atoms. 
It is assumed that this collision is elastic because of 
low incident particle energy. If the incident particle 
energy is sufficiently large, the sputtering of a substrate 
atom or surface damage will occur; 

x) after losing its kinetic energy, the incident atom will be 
adsorbed on the substrate surface or entrapped into the sub- 
surface; 

4) adsorbed adatoms will diffuse over the surface and film 
nucleation and growth will start to take place; 

5) after the initial coverage of the surface by adatoms, the 
above process will be repeated by atoms of the same species, 
and the self-sputtering effect becomes the most influential 
factor for further film growth. 

Some of the above phenomena are well investigated by various 


researchers [1-7]. In this chapter, each phenomenon which occurs 
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during low energy ion beam bombardment is briefly reviewed. A 
theoretical collision model which is suitable for low energy ion 
beam deposition is outlined after these phenomena are reviewed. 
Die. Perera During Collision Processes 

The main phenomena which are believed to be occurring during 
low energy ion beam deposition are summarized in Table 2.1. 
2.2.1 Secondary Electron Emission 

For ion energies <lkeV, the secondary electron emission process 
is governed by potential emission. In this process, an electron 
tunnels from the conduction band of the solid surface to an 
unfilled state of the incident ion. As a result the ion is 
neutralized and a second electron is sufficiently excited to be 
emitted to vacuum [8]. This process is shown to be almost in- 
dependent of the kinetic energy of the incident particle but is 
dependent on its potential energy of excitation. Figure 2.1 shows 
examples of total electron yield with low incident ion energy [9,10]. 
The electron emission yield decreases as the mass of the incident 


ion increases. 


20242 Sputtering 

Sputtering, the ejection of atoms of a solid by energetic 
atoms or ions, has been very intensively studied [11,12]. 
Sputtering yields strongly depend on the following factors: ion 
energy, ion species, ion charge, target materials and directional 
effect. 

For the ion beam deposition, the self-sputtering, that is sputter- 


ing of a target with ions of the same element, govern the film build- 
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Table 2.1 Main Phenomena Occurring During Low 


Energy Ion Beam Deposition 
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Figure 2.1 Total electron yield for 
low ion energy on atomically 
clean surface. (9,10) 
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up process. But it is known that self-sputtering is not in principle 
different from other sputtering processes. 

The following figures show the self-sputtering yeild for various 
atomic numbers of the target by 45keV ions [13], Figure 2.2, and the 
self-sputtering yield at low ion beam energy [14], Figure 2.3(a), 

(b). 
2.2.3 Penetration and Radiation Damage 

After the initial collision, a incident particle looses its 
kinetic energy and is deflected into a new trajectory. It may then 
travel some distance before another collision with a lattice atom. 
During the collision processes, if the transferred energy from 
the incident particle to the lattice atom exceeds the lattice 
binding energy (typically \V 25eV [15]), radiation damage will take 
place. After the collisions,if the remaining energy of the incident 
particle still exceeds the lattice binding energy, farther penetration 
will occur. It is extremely difficult to measure the penetration 
depth for low energy incident particle. However, the mean range of 
500eV, ne in W was measured at approximately 5A [16]. 

Because of the extremely small penetration, the damage is confined 
to a thin layer of the solid surface. In general, light mass 
particles can penetrate the solid without causing damage; on the 
other hand, the heavy mass particles can produce damage and collision 
sequences without deep Oe eee into a solid [17]. 

2.3 Collision,Model 


There are two basic problems in formulating low energy atomic 


collision mechanisms. 
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Self sputtering ratio S (atoms/ion) 
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Figure 2.2 Self-sputtering yield versus atomic 
number of target by 45 KeV ions (13). 
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Figure 2.3 Self-sputtering yield at low ion energy (14). 
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(1) a suitable choice of the interatomic potential, 
(2) a suitable choice of a collision model, i.e. either 
binary collision or a multi-body collision. 
2.3.1 Interatomic Potential 
At this time, a definite analytical expression for the interatomic 
potential which is valid for all interaction distances does not exist. 
The general form of interatomic potential is shown in Figure 2.4. 
This potential is considered to be composed of two forces. For large 
atomic separation, the attractive Coulomb force is dominant. On 
the other hand, for small atomic separation, the central field 
repulsive force is dominant. The repulsive force varies substantially 
with the interatomic distance. The former force represents the 
crystal binding force and the latter the interaction potential force. 
Figure 2.5 shows several approximations of the interatomic 
potential of the repulsive force [18]. For relatively large inter- 
atomic separation, the Born-Mayer potential is most suitable, and 
for small separation, the Coulomb potential is suitable. 
Therefore, for a low energy atomic collision mechanism, the 
Born-Mayer potential can be considered to be most satisfactory at 


present. This potential is written as 
nae 
V(r) = A exp [ atl eV 


where A, a are constant. 
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Figure 2.4 General diagram of the interatomic 
potential. 
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Figure 2.5 Interatomic potential of copper 
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Atomic 
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Element A(eV) 
G 1316.1 
Mg 3829.0 
Cu 13919 
Ag 28318 
sa 31025 
Au 59473 
Pb 62904 


Table 2.2 Born-Mayer Constants [20]. 
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23 
A and a are determined from the elastic moduli and their 
dependance on pressure and shock waves [19]. Recently the values of 
hee have been calculated by using the Thomas-Fermi-Dirac (TFD) 
approximation for nearly every element [20]. Table 2.2 lists values 
for A and a of few elements. 
Pvoe2 COLlision Time 
If the lattice has sufficient time to dissipate energy during 
collision, the binary collision model is valid. In other words, if 
the collision time is much shorter than that of the lattice vibration, 
the low energy atomic collisions are considered to be two body events 
2]. 
In the following passage, the collision time under the influence 


of the Born-Mayer potential is investigated. 


For a Born-Mayer interaction, the energy loss, AE, and the total 
transferred momentum, AP, due to the interaction potential can be 
calculated by first order perturbation theory (momentum approximation) 
[10], if E is very small compared to the projected energy. 


The total transferred momentum AP is given as [10] 


2A np “Pb Pp 
AP = —— 
Vv 2a a oar ao ‘ 
0 
2E 
where Yo = sind 
"0 
my = projectile mass 
Eo = projectile energy 
p = impact parameter - closest approach distance 
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The collision time is defined as [10]. 
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The collision time for the incident particle of 10eV energy can 


be estimated using the above equation. Assuming: 


a” 0.28A (from Table 2.2) 
pv 2A (one half of typical lattice constant) 
mv 100 x 1.66 x May kg 
then 
PAN Bi Ia) ake io 2 sec. 

The period of the lattice vibration is roughly MOF eed [233i 
which corresponds to an energy loss of 7eV. If the incident particle 
energy is bigger than 10eV, namely, the collision time is much 
shorter than that of the lattic vibration, the effects of the lattice 
vibration on the collision events are negligible. Therefore, the 
collisions become isolated two-body events. The energy loss due to 
the interaction potential is also very small for low energy collision. 

Consequently, for the ion energy range of ion beam deposition 
(25eV - 500eV), the simple two-body hard sphere collision model 
with the impact parameter p = 2R can be used to evaluate the amount 
of energy transferred or remaining with each collision partner. 

2.3.3 Collision in the Center of Mass System 

The two-body collision system (Laboratory System) is further 
simplified by the mathematically equivalent center of mass system, 
Figure 2.6. In the laboratory system, the incident particle, Mp; 


is deflected by an angle, 0 and the struck particle, M,, will move 


18h 


off at 4 certain angle. The deflection angle and velocities after 


collision depend on the masses of the incident and struck particles 
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Figure 2.6 Hard sphere collision model in (a) the 
laboratory system, (b) the center of mass 
system, and (c) kinematics of velocity vectors 
in the two systems. 
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respectively and on incident particle energy E On the other 


0° 
hand, in the center of mass system, the two particles always have 
equal and opposite momenta. For an elastic collision, the kinetic 
energy remains constant, and all four momenta (incoming and outgoing) 
are equal in magnitude. Therefore, each particle leaves the 


collision at the same velocity with which it arrived. These velocities 


are: 


In order to find the recoil energy E, in the laboratory system, 


2 
the addition of velocity vectors can be used. Because the two systems 


are in relative motion with a vectorial velocity (v) of the center of 


mass, Figure 2.6 (c). Therefore: 


va Z ou") r 
Yo Yo + Vv 2V5v cos (1 i) 
a 2 
Hs = fn, (1 + te + 2A' cos0 ) 
rea) 
where 
M 
pee 
m0 
similarly 
2 2 2 
i] = - 
(v v = v4 + v 2V,vcos6 


ante ot ye 
| pwad ei er pve 
ieee ie | 


(gategaue. f bas ere 


% 
esitizoley seeaT .beviris 32 aot b sie Wwtooler py knee 
: P 
@ o! 
v = ¥ 
: 0 me. 0 9 
Veg 


: 
¢ 


mstaye yiotstodsl siz ak gt Nazene fe sage pene at 
amaieye ows sft sevssst sbaee ed feo etossev Ya toolev Xo tots tbbe ord 
to 193095 9d3 Yo (¥) <ddneiies isttotoev & past noljom eotguted al sts 
laxétensdt -Ga)h a. brvgit .sasm : 


‘ 
y 


~— 


i Pe VaprTe epi 
(9 H)aoo v)VS v + ov oY 
| 
$ ee 
Be Geos “AS + "A + I) PRES = oY 
‘i ine » 
: J > i 
y as i 6 oJ a = _ huge > Sa Opp 


») a! Siting OOo t 1 Oe noe oe atoattene iM 
ve een ‘heute Ma’ 


she a capaera 
en ‘ Ram. speheat se : 
j veh? Ay Sia A | 


on 
% 


28i8 


The energy transfer, T, from the incident particle to the struck 


particle in collision is then: 


u 
T= 5 My (vg-Vog ) 
zZ 
6 oe By 2 0 
ae 1 Ome Ceara on 
(l«* A’) 
now 
ae 0 
0 My 
therefore, 
au aeatieO ieee 
T= i shows 3 Eo sin > 
(My + M,) 
The maximum energy transfer is 
4M, M 
phentoz al-=De songs af gos ba 
+ 
(My + M,) 


and minimum energy transfer is zero. 
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The retained energy, E, of the incident particle is, 


2 
E,=E)-T 
‘ 4 MoM) 26 
SA UL roe aera, on ae. 
(My + M,) 


Because all collisions are equally probable, the average energy 
transfer is simply: 

2 Mae 
T = ‘ 4 WI s- es 


a m 2 
(OM oh M,) 


Also, the average retained energy is: 


Figure 2.7 shows T. and ED 4 for a carbon substrate as a function 


of incident energy E, for the incident particles of Lead (Pb) and 


0 
Magnesium (Mg). 
2.4 Conclusion 

For the ion energy range of ion beam deposition (25eV to 500eV), 


it is theoretically demonstrated that the two-body hard sphere 


collision model is valid for an evaluation of the energy transfer 


- mechanism. 


The maximum secondary yields by heavy ion bombardment is roughly 
0.1 for this energy range. Namely a maximum of 10% of the total 


ion current at a target is considered to be caused by the secondary 
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Figure 2.7 Average transfered energy Ta and average retained 
energy ED, for a carbon substrate. 
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electron emission. 

Self-sputtering yields vary significantly with different materials. 
For high sputtering yield materials, such as, copper (Cu), Silver (Ag) 
and Gold (Au), yields approach unity at the incident energy of 
150eV. On the other hand, low sputtering yield materials, such as 
Aluminum (At) and Chromium (Cr), yields approach unity at 500eV. 

Ion penetration and radiation damage, for the energy range of 
25eV to 500eV, are confined to at the most a few atomic layers of 


the solid surface. 
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Chapter 3 


System Specifications and Design 
In this chapter the design criteria necessary for the fabrication 
of thin films by ion beam deposition are considered. Following 
these specifications, the construction and performance of a 
prototype deposition system are described. 
3.1 Design Criteria 
The basic requirements of a deposition facility for the 
production of high purity, adherent thin films are: 
(1) the pressure in the substrate chamber must be 
sufficiently low that residual gas contamination 
is minimized during deposition; 
(2) the material comprising the film should be as clean as 
is practicable to maintain film purity; 
(3) the arrival rate of the material at the substrate 
should be such that the film is built up within a 
reasonable time schedule; 
(4) the arrival energy of the depositing material should 
be easily adjustable to maintain efficient film 
build-up with minimal film removal or substrate/film 
damage; 
(5) the low energy ion beam should not be seriously affected 
by space-charge expansion. 
These requirements, being basic requirements only, are not 
intended to be complete in themselves nor are they intended to be 
independent from each other. They are considered to be most 


important and so must be well specified and easily controlled. 
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The first requirement can be satisfied by adopting ultra-high 
vacuum techniques, moderated by the constraint of requirement three. 
Requirement two can be solved by the adaptation of a mass separator. 
3.1.1 Vacuum Requirement 

For any thin film deposition system the background pressure and 
the operational pressure during deposition have a significant effect 
on film characteristics. The main advantages of an ion beam 
deposition system are: the operational pressure in the vicinity of 
the substrate can be kept in the UHV range by a differential pumping 
system, and the formation of impurity layers on the substrate can be 
avoided by bombardment of the substrate with coating material if a 
sufficiently dense beam is used. This feature can be quantified by 
considering the balance between film material arrival and contam- 
ination at the substrate surface [1]. 


The rate of adsorption of background gas molecules is given by: 


dn 

a = sy 

dt 
v = number of impinging molecules 
s = sticking coefficient 


From the kinetic theory of gas flow [2] 


v ee nv 

4 a 

N : 
Oe ee : molecular density 
v,~ average velocity 
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M = molecular weight of the gas 


m = mM 


0 


n= tga g : unit molecular weight 


P = pressure in torr 
For the condition of maximum residual gas contamination, s=1 at 


t= 300°K 


Now the rate of arrival of the elements of an ion beam can be 


given by 


= 1.25x10-4 oy ge 
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In order to produce pure thin films: 


dt dt 
hence 
P 8 


——— << 6,3x10° 
YM 


Figure 3-1 shows the above relationship. 

In order to obtain highly pure films, the partial pressure must 
be well below the line in Figure 3-1. 
3.1.2 Ion Beam Requirement 

If the ion energy is sufficiently low so that unity condensation 
coefficient prevails at the substrate, the deposition time, t, 


for a singly charged particle is given by: 


where 
N = total number of particles deposited 
I = ion current (Ampere) 


4 Coulomb 


e = electric charge = 1.6x10 
If the ion beam deposit of mass M is condensed into a thin 
film of area A and thickness’ d, then 
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Figure 3.1 Maximum allowable partial pressure of residual 
gases to produce pure films. 
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and Tor A =6.25-cm , t= 2 hours. 

Therefore, in order that the film is built up within a reasonable 
time schedule, a minimum ion current of several UA is required. 

The deposition time is longer than that of conventional methods. 
However, the deposition time is much shorter than the operational 
time of a typical ion source and as a consequence very stable deposition 
is possible. 

Many ion sources are commercially available, each of which is 
suitable for a wide range of materials [3]. At low extraction 
energies the ion current densities are in the low LA range; 
extraction efficiency is improved by increasing the extraction 
voltage such that keV ion beams are generated. In order to control 
the beam energy to minimize sputtering and substrate/film damage, a 
beam retarding system becomes necessary. Also it is desirable to 
make the most efficient use of the current available from the ion 
source at the target. One of the factors limiting this ion current 
collecting efficiency is space-charge effect in the external field 
free region [4,5,6]. The positive charges within an ion beam create 
a transverse electric force and cause the beam to spread out. 

The general guide for the range of ion beam parameters, for which 
space charge is important in determining beam behavior, is given in 
Figure 3-2 [6]. Above the line space-charge effects can be dominant 
and below the line space-charge effect will probably not be domi- 


i : ; 
Rant for ion beam of M = 30.. For other M, I @ ——= correction is 


a 


¥ ne 


4 

1 a A 
i eo aR. 
van Se baat 4 
h an iy iw | ‘ 


fdnetacadlan oid weiss dovum at : 
nottjleoqgsh sidste yisy somsupsemes 8 as bas sotu0d mot Ee ake 


ak dokdw to does eoldsiteva yifeslotomos s18 asotuoe ok ene 
mokiss13xo wol 3A .(€) sfstxstam to iio 3 ebtw s xo? olde: 
tesader Ay wot sid at ste estsiensb dnoumo nok ot 


mokton13xe of3 gatesstonk yd bovorgitl ‘st yonstolits aoktos a 
fottnos of 1Sbre al .betetensg 915 ameed nok Vood ted3 fove eget lov oh 
s ,ogemab miti\stertedye bas gnitesjuqe osiminin 03 Ygisne mesd ois aa 

o3 sldsxtesb et 3t o#lA .\yIsee90Sm esmonsd moteye gutbeie7 waa _ 

nol edt mot sidelievs taeriws 9d Yo sev Jnoksh2ie' seom ons ane } r a 

 Susttua mok aids cee 8103982 sia to sn «6.39g%si 943 3B 99 | - 
bisii Laatste ous ak tosis ogiatio-so8qe et yoretottis aihtcokel 
siss1> med soi mp atdviw esgtsds svitteog ofT .[0,¢.4) noigs 997? 

_svo baosqe od used od? seuss bre 69703 of1390[9 Serevensts 8 | 

doidw 103 ,exesemexsq mod nok Yo Sane Sd4 103 sbivg fstensg oft — 

at aevig ek ,10rvssied msod tas iaacimataial ni tnsatoqmk ak sgiado e98qe . 7 s 


tnenimeb 96 189 199226 sgtedo-sosge omti SH. ovodA | +10] S-€ ought "ey 
~Imob od ton yidsdorq Ilkw tostie ogrods-songs atl 92 voled bam . 


ek mok3991109 a TM x9d30 70% 0614 Be wend aok x03 3 


38). 


—=l0 
i 
Ve) 
G 
: Lt = 10° 
im 
2X5 2tm 


el 


| 4 
2 10° 10 eV 
10 10 Jon energy 


Figure 3.2 General guide for space-charge effect ( 6). 
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required. 
For convergent ion beams less than 100eV and more than wA range, 
the focusing distance and diameter of the minimum spot size is roughly 


the same. 


3.2 Deposition System 

In accordance with the above design criteria, a proto-type ion 
beam deposition system has been built. Buring the translation from design 
to operational facility, various sub-criteria evolved. The 
construction of the main system was such that a wide range of 
operational freedom was allowed. 
3.2.1 Vacuum System 

The basic parameters for designing a vacuum system are: 

(1) the total system comprises an ion source, ion beam 

transportation chamber and substrate chamber; 
(2) pressure in the ion source is 10°" torr (typical ion 
source operational pressure); 

(3) pressure in the substrate chamber is ng torr or less. 

In order to satisfy the above requirements, the three stage 
differential pumping system was constructed.Figure 3-3 shows a 
schematic diagram of the pumping system and the basic parameters. 

The basic relationships between these parameters are: 

Q = SiPy + C, (Py -Po) 

C, (P,-P.) = C, (P,-P.) + SoP. 

OG oD Daa oe 

The differential pumping slits have to allow the depositing 


ion beams to pass between the two chambers. The size of Cc, is 


j 
; 7 4 
ny qi 


i 
vy 


Bias 


‘a eanen nannies » ov le =k 
aghaeb wont sohialesteis oct) gaat ans a teoqeb 7 
7 .boviove sbresixo-due evotzev .ysbitost 
toy ty ut ons oe iat 


am, moboox3 ei | 


Me ms 
oe “ 


= 


i \ mojeye muvos¥ LSE 
a mx a 7 
tere metaye mucoav 6 galmgteob 103, usIsq Olesd odT Li 
| i" 7 
meed mot ,9outoa got oa asetzquoo @s3eye isos od3 (1) | : 
yee De. 
alate a brat x1sidaietts nokieds 13 sy ae n 


i 
not Lsotqy3) ne emor ca aie samuoe noi siz nk Bs Wh (S$) ; 
—_ ere " 4(orweeera Isnolter9qgo souwba 

.28bf “ro -wtes.- a al radnesds sisisedue od of ees, | hts oi 

santa sotis ods «aJasmotiupss — ed3 yielise o2 on . 

8 awode C€-€ siugil. bstovrisnos sa sizvdeye gaigmmg Riera 

eresemeiieg, stead of9 Gad moteve aakqaug ods 20 metasth oitsmedsa 


:9%8 etejsasieg sseds neowsed egtdomisntes okesd oilT 


yt = 2 | 
OS V5. abe v4 mee oes ary 
a Sar 69 = (49 ry, 
€ ~ mS a | wy 
at ,9 to oste silt a na - 


Substrate 


S2 S3 


P) 210 “Tort 
P. ns TO: © Torr 
CC, &C25 Conductance of holes 


S1,S82, &S35 Effective pumping speeds 


Figure 3.3 Schematic diagram of differential pumping 


system. 
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determined by the ion source operational characteristics and is 
generally between 0.020" to 0.040" [7]. The conductance of an 


aperture for air at 20°C in molecular flow region is given by [8]: 


C:=11.6 A is ee 
where 
a‘ 2 
A = aperature area (cm ) 
-1 -1 
Then 0.02 2& sec nC eeUeae & sec 
Assume C, = 0.06 2£/sec and PL eg Py = BelO torr 
Q- Pod SB Pisa 
SOxI0 eseeto 
1 
Assuming Q =~ ‘ie: EOTY ae then rT = 0.4'2 gern The aperture 


Size of C, is determined by the mass separation characteristics of 


velocity filter (see next section), and 4mm x 40mm slit size was found 


=] 
to be satisfactory. This aperture size yields C, = 18 2 sec . Again 
assume P, >> P. = 10". torr, then 
CPi =C AP 
S, = ee 100%,2 Se 
2 P 
2 
Ci CP s=P x) 2 
S. = aa ~ 900 & sec P 
3 P, 


The above estimated value is summarized in Table 3-l. 
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Ion Source Ion Beam Chamber Substrate Chamber 
Effective 0.4 100 900 
pumping speed 
6) 
pressure Ga aay 167 
(Torr) 


conductance C) = 0.1 2 ee C, = 18 & ee 


Table 3-1 Estimated Vacuum Parameter 


A diagram of a vacuum system which satisfies this estimation is 
shown in Figure 3-4. The design of this system permits a wide range 
of diagnostic attachments to be added such as ISS [9] and SIMS [10,11]. 

The whole system is bakable at an intermediate temperature (up to 
200°C because of the use of a polyimide insulator). Partial baking of 


the substrate chamber is also possible by surrounding it with heating tape. 


The substrate chamber is pumped by a Balzers TVP251 turbo 
molecular pump (p.s. = 70 £/s) and a Varian Ti-ball sublimation 
Pump (p.s.>1000 2/s) generating a total effective pumping speed 
of over 1000 2 aaa The ion beam chamber is pumped by a liquid 


ay 


nitrogen trapped Edwards 6-inch diffusion pump (p.s. = 600 Qos 
the pumping stack having an effective pumping speed of over 100 2/s. 
The ion source is roughed out by the gas handling plant rotary pump 
and final pumping is through the anode hole. 

Ion source maintenance or changing of substrate can be carried 
out without Beene the complete vacuum when the 6-inch gate valve 
between the substrate and the ion gun chamber is closed. 


After outgassing the ion source, the ultimate pressure in the ion 


beam chamber stabilized at for Torr without bakeout. The pressure 
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Figure 3.4 Schematic diagram of vacuum system. 
( after A.V.S. Standard 7.1 - 1966 ) 
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during operation varies from the order of 10" to 10° Torr depending 
on the support gas or materials being ionized. A turbo-molecular 
pump was chosen for the substrate chamber because it is essentially 
maintenance-free. Since the pumping speed of the turbo-molecular 
pump is low for light gases and hydrogen is the major residual 
gas constituent after a normal bake at 200°C, a small air-cooled 
diffusion pump was added as a booster pump between the turbo-molecular 
pump and its trapped rotary pump. Because this diffusion pump was 
started after the turbo-molecular pump had reached operational speed 
(after 15 minutes), oil backstreaming from the untrapped diffusion 
pump was prevented from reaching the substrate chamber. The hydrogen 
partial pressure was found to fall by a factor of 2 when the diffusion 
pump was deployed. Further reduction of the hydrogen partial pressure 
follows the activation of the sublimation pump. Typical operating 
pressures in the substrate chamber are ie ah = Long Terr; partial 
pressure analysis using an A.E.I. Minimass RGA yields gauge readings 
of Beatty Torr for mass 2 and ichget Gear for mass 18. No other 
residual gases can be detected by this mass spectrometer. The 
pumping performance of the facility was therefore considered to meet 
design specifications. 
3.2.2 Ion Beam System 

In order to satisfy the design criteria, the Colutron ion beam 
system Model G-2 was chosen. This system is small, bakable, and 
versatile. Figure 3-5(a) shows a schematic of the ion source, ion 
beam transportation system, the drift space provided by the gate 
valve, and the substrate chamber. Figure 3-5 (b) shows a photograph 


of the system. The main components consist of the ion source with 
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Figure 3.5(a) Low energy ion beam deposition system 
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a low-energy spread of 0.2eV, acceleration and focusing system, 
vertical deflection plates, and a ExB velocity filter by which the 
beam profile may be altered at will [12,13]. The quoted system 


specification is as follows [7]. 


Ion Current: several UA 
Resolution : M/AM ~ 400 after a drifting distance 
Of, 50 -cm. 


Where M is the center mass and AM is the full width at 
half maximum (FWHM). 
Figure 3-6 shows a block diagram of the system electronics. The 
following Table 3-2 describes the details of each power supply. 
A. Ion Source 
The ion source operates on a low-voltage arc discharge principle 
at low pressure [14,15,16]. It consists of a hot thermionic 
cathode and an anode with a small hole in the center. The cathode 
is heated to a temperature sufficient to cause thermal electron 
emission. A low D.C. voltage applied between the cathode and the 
anode causes a region of spare charge limited potential to form 
around the cathode. Electrons are accelerated through this space- 
charge region and ionize the gas in the interaction region, forming 
a plasma region (the positive column) around the anode. By generating 
such a plasma, and by extracting the ions from the plasma region 
through the hole in the anode, an ion beam with small energy spread 
is obtained. 
The ion source itself was modified somewhat by adding a small 


resistance heated furnace behind the ion source, Figure 3-7, in order 
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Figure 3.6 Block diagram of the system electronics. 
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System Model Range Regulation Stability 
A Anode Kepco HB6AM 325Vx600mA 0.01% OTOL 
B Acceleration Fluke 408B O-6kV 0.01% 0.01% 
C Einzel lens High Voltage Stabilizer  0O-5kV min 1%min 
IC (723)Regulator 
D Filament Canadian Research 16Vx20A Ow1s OuLs 
Institute MRP16-20 
with modified IC(723) 
regulator 
E Furnace | Unregulated A.C. power LSoVE224 5A @ = 
supply 
F Vertical Kepco ABC 425 0-425V 02 08% 0.05% 
deflector 
G Velocity Lambda LPD-425FH 0-250V 9) foe? 0.02% 
filter plate 
H Magnet Canadian Research 16Vx16A 0.1% O.L% 
Institute MRP 16-16 
with modified IC(723) 
regulator 
[| Final Brandenburg 10V-2100V 0.01% 0.01% 
deflection 472R 
J Ion Energy IC (723) Regulated D.C. 0-500V 0.1% 0.13% 
power supply 
K Electron Unregulated A.C. 15Vx15A = = 
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Figure 3.7. Plug-in ion source with furnace. 
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to produce long-lifetime operation when running solid materials. 
Considerable benefits accrued from this addition when compared with 
the original design, which required that a solid charge be inserted 
into the discharge region of the filament loop. These benefits are 
as follows: 

a) the charge could be added and the system sealed completely, 


eliminating sliding feedthroughs which frequently broke 


vacuum; 
b) the plasma shape in the source remained unchanged; 
ec) the operational lifetime of the ion source was increased; 
d) alloying and other interactions of the ion source filament 


with the charge material was eliminated; 

e) the vaporation rate was more controllable. 

Investigations of the performance of the ion source without 
the furnance were carried out by using several gases [17]. It has 
been proven that the ion source produces gaseous ion currents of 
several wA. Under these operational conditions, the temperature of 
the thermionic cathode was measured at about 2000°C. The ion source 
wall temperature was estimated to be about 1500°C by inserting a 
stainless steel tube dame sunita a thermo-couple. 

With the addition of a furnace, ion beams of element metals have 
been generated and in the case of Mg and Pb, supporting gases are not 
necessary. In the case of Pb ion beams, the furnace and source have 
operated for over 100 hours with one charge. In the case of Mg the 
operational time of one charge is about 50 hours. Table 3-3 shows 


vaporization temperature of the elemental metals which have been used 
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to date. In the case of Cu and Ag, the condensation of vapor between 
the furnace and ion source was a limiting factor in obtaining 
sufficiently high current density ion beams. The details of this 


problem will be discussed in Chapter 5. 


Materials Mass Vap.Temp. for nly torr (2c) 
Mg 2163 440 
Pb 207% 2 715 
Ag i: erO7. 9 1030 
Cu 63.5 1260 
Table 3-3 


Vaporization Temperature of Elemental Metals 

B. Velocity Filter 

The ion beam is extracted by floating the source and gas handling 
plant assembly up to 4KV and grounding the extracting electrode. An 
Einzel lens (unipotential electrostatic lens) is combined with this 
extraction electrode and provides a means of focusing the ion beam 
without changing the ion energy [18]. Mass separation and beam 
profiling was carried out by the EB velocity filter which consists 
of a magnet, a pair of electrostatic deflection plates and sets of 
guard rings, which latter ensure a uniform electrostatic field. A 
selected class of ions will pass straight through the filter, while 
ions with different mass or velocity will be deflected. Figure 3-8 
shows a simplified diagram of the velocity filter mechanism. 


The mass selection rule of the velocity filter is given as: 
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Figure 3.8 Schematic diagram of velocity filter. 
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where M is the mass which passes straight through the filter, 
e is the ionic charge 
VE is accelerating voltage or ion energy 
B is magnetic field strength 
E is electric field strength 
Assuming B a I and Ea +e 
where I is velocity filter magnet current 


e is velocity filter plate voltage 


For a variable Va(2KV to 4KV), the optimum mass selection 
condition of the velocity filter was examined. 

At high vo it was impossible for heavy masses to pass straight 
through the filter. On the other hand, at low ws or high vee it 
was difficult to anced a good line shaped beam and the dispersion 
was small (refer to mass separation rule). For overall requirements, 
it is found than an acceleration voltage of Nast KV and plate 
voltage ies 100 V produce the optimized condition. The following 
relationship between the molecular weight and magnet current was 


experimentally determined and plotted on Figure 3-9. 
M = 3.24 me for vs = 100V and Me = 4 KV 
From Figure 3-9 an ion beam of maximum \V 600 molecular weight can 


be selected by the velocity filter without severe distortion of the 


ion beam shape. This characteristic shows a good potentiality for 
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Figure 3.9 Mass selection of velocity filter. 
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depositing a wide variety of materials. 


The mass separation rule of the velocity filter is given as [6] 


L,E L 
i fuar enn ten 
where AM is mass difference at FWHM 
Setting E = Sone v/m (plate voltage 100 volts) 
V = Gxi0° V (accelerating voltage) 
Le = 0.15m (G-2 gun velocity filter) 
Ly = 0.1llm (present exit slit position) 
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Even when ion beams of only slightly differing molecular weights 
are considered, such as Me (24) and ae (28), vie 3. The exit 
slit functions as a differential pumping slit and as a first stage 
eliminator of unwanted ion beams. 

Therefore, the capacity of the velocity filter to produce single 
mass ion beams in spite of a short drifting distance is quite 
satisfactory. 

Also, the velocity filter is used to focus the ion beam into a 


line-shape image for the convenience of wide-area deposition. 
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3.2.3 Substrate Chamber 
The substrate chamber consists of an ion beam exit slit, an 
electrostatic deflector, a decelerator, an electron emission filament, 
and a substrate assembly. Figure 3-10 shows the substrate configuration. 
Figure 3-11 shows the data handling system. The ion current was 
optimized by minimizing the decelerator euerene and maximizing the 
substrate current. The total ion dosage was measured by the current 
integrator coupled with Digital/Analog converter. By this method 
constant total ion dosage was monitored even when the ion current 
was varied during deposition. 
The mass-selected ion beam passes through the exit slit and is 
deflected towards the substrate. Neutral particles, radiated from 
the ion source and/or created in the ion beam chamber, are un- 
deflected and strike the decelerator plate. The desired ion beams 
will pass through the decelerator opening and reach to the substrate. 
The decelerator consists of a simple flat plate machined from type 
304 stainless steel with a slit in the center. Several designs of 
decelerator configurations have been developed for isotope collections 
[10,20]. Many of the designs are concerned with deceleration to 1KV 
or more, and for low ion current density brams. The present design is 
very simple, but very practical for high ion current density beams, because 
the design allows the substrate to be located close behind the decelerator 
plate. For example, with this decelerator configuration, 150A of Me" 
ion beams with 20eV energy were collected at the substrate. 


The decelerator plate is located 53mm from the exit slit, and 
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Figure 3.10 Substrate chamber configuration. 
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Figure 3.11 Block diagram of data handling system. 
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its opening is located 5 mm to 6mm to one side of the main beam line 
axis. The 4 keV ion beam of a selected mass is deflected off the 
beam axis by a potential of + 250 volts on one deflector plate. 

The other plate is grounded. The deflector plate is push-pull 
configuration to ensure a uniform electrostatic field on the off- 
axis ion beams. The mass resolution at the decelerator plate with 
4mm to 5mm-wide opening is calculated as M/AM = 10 for a total 
drifting distance of 0.18m. Therefore, even with such a short ion 
beam drifting distance, adequate mass separation is carried out for 
the deposition of desired ion beams. Higher resolution for isotope 
separation is not necessary and, because of the reduction of ion 
current, is not desirable for this application. 

Figure 3-12 shows the profile of well focused 4 keV ion beams 
of several gases, within the limitations of the short drift length. 
The ion beam of each element is scanned electrostatically, and the 
ion beam profile monitored by a target mounted behind the 0.4mm 
slit plate. The dashed lines in Figure 3-12 show the 4mm wide 
decelerator openings. When an ion beam consists of several isotopes, 
about 10% of the total ion current is lost by the 4mm opening 
decelerator. When the 5mm opening decelerator was used, about 5% of 
the total ion current was lost. Most of the thin film deposition 
was carried out by using the 5mm opening decelerator which was 
located 6 mm off the beam axis. 

The ion beam is decelerated by applying the ion source voltage 
(4kV) minus a variable negative voltage (0-500 volts) to the de- 


celerator plate and to the substrate. The ion beam energy is 
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Figure 3.12 Typical 4 KeV ion beam profile at substrate. 
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defined by this negative voltage. At a very low energy (below 
20eV), the energy spread (transverse velocity components) causes 
serious ion beam spreading [21]. For an ideal ion beam which has 
only axial components of velocity, the ion beam cut-off will occur 
when the ion beam energy is zero. However, in practice, the ion 
current is reduced as the beam energy decreases. Figure 3-13 shows 
a typical ion current cut-off curve. At an energy of 20eV, about 
30% of the incoming beam is lost due to the accelerator-decelerator 
geometry and the transverse spreading of the ion beam. In order 
to improve these characteristics, the decelerator was tilted 10° 
with respect to the in-line beam axis, i.e. the deflected ion beam 
experienced a normal retarding potential, Significant improvement 
was not observed for the ion current cut-off curve. Consequently, 
the reduction of a ion current in a low energy range is considered 
to be caused by the energy spread of the ion beam which in turn is 
controlled by both the plasma temperature of the ion source and 
the accelerator geometry. 

After passing through the decelerator opening, the beam enters 
the field free region between the decelerator and the substrate. 
Initially, the beam is strongly focused by the single aperture lens 
(the decelerator plate) and subsequently spreads out because of 
space-charge expansion. 

The focusing distance of the single aperature lens, f, is given 


as: f224 
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Figure 3.13 Ion beam current cut-off characteristic. 
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V = decelerator potential 


BY = initial ion energy 
V 
Ey = electric field before decelerator, E, = rp 
E. = electric field after decelerator E, = 0 
then 
oN YD ve 
eye ete 
d 


Setting d = 53 mn, ie = 4KV, the estimated focusing distance is 
as follows: 

100 eV ion beams f = 5 mm 

300 eV ion beams f =17 mm 

The effect of the space charge expansion was then investigated 

by fixing the distance between the decelerator and the substrate as 
10 mm. Figure 3-14 shows the 6nyA Pb? ion beam profile for various 
energy levels. The substrate was replaced by a 0.4mm slit plate 
and the beam profile monitor was installed immediately behind this 
opening. The beam profile was obtained by mechanical movement of 
the whole substrate assembly. 


The greatest measurable ion beam spreading was about 4 mm wide. 
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The measured spreading differed from the ion beam spreading estimated 


in section 3.1-2, because of the strong focusing effect of the 
decelerator plate. In addition a shift in the position of the 
ion beam occurred, because of the transverse velocity component in 
ion beam. 

If the substrate is an insulator, the surface charges must be 


neutralized so as to prevent surface charge built up which causes 
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Figure 3.14 Space-charge expansion of Pb ion beam. 
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reflection of ion beams by an electrostatic force [23]. In order 

to overcome this surface charge build-up, a thermal electron emission 
source consisting of a 0.015" dia. Th-W loop is placed a few mm 

in front of the substrate. In order to neutralize the surface 
charge, it was found that the electron emission current had to be 
approximately twice as much as the ion current. 

The average temperature rise of the substrate assembly caused 
by this thermal electron emission filament was measured to be 100°C 
by using a conventional Pt-Pt 13% Rh thermocouple located at the ceramic 
substrate holder. However, higher local temperatures are expected 
because of the loop configuration of the filament. 

Several difrerene Beerare holders were made to accommodate 
substrates of different sizes and shapes which were used in various 
diagnostic analyses. Figure 3-15 shows photographs of different 
substrates and substrate holders. . 

3.3 Substrate Preparation System and Storage System 

In most of the deposition experiments, a carbon substrate was used, 
because of its good electrical conductivity, its low sputtering 
yield and its low atomic mass. The latter characteristic yields 
better results in identifying impurities by Rutherford Backscattering 
analysis. 

A commercially available high purity fine grain carbon graphite 
manufactured by Poco Graphite, type AXE-5Ql (1.00"$ x 0.625"), was 
used as a substrate material for RBS analysis (Figure 3.15(a)). This 
graphite has a total ash range of 5 ppm or less [24]. 

For the transmission electron microscope analysis, a specimen 


oO 
thickness has to be less than 1000 A for electron transmission. 
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Figure 3.15 Photograph of substrates and substrate holders. 
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Therefore, a self-supporting carbon thin film deposited on a Corning 
cover glass (#1, 22 mm eq) was used as a substrate (Figure 3.15(c)). 
Figure 3.16 shows a schematic diagram of a carbon arc evaporation 
system which was built for this purpose. The glass plates were 
placed above the arc to avoid any large pieces of debris falling 

onto it. The thickness of the carbon films was monitored by an 
optical color change which varies with the number of arc discharges. 
In general 20 to 30 arc discharges yield a light brown coloration 

of glass plate which correspond to carbon film thickness of 100-200 a 
'25,20']. 

For the scanning electron microscope analysis, the specimen was 
prepared by direct deposition onto a SEM specimen Ret es made out of 
a carbon rod manufactured by Union Carbide, type ATJS (Figure 3.15(b)). 

An air-cleaved NaC% single crystal was also used as a substrate 
for TEM analysis in order to investigate the possibility of epitaxial 
film growth. 

After deposition, every substrate specimen was kept inside a 
storage system in order to minimize atmospheric contamination, 
particularly oxidation of freshly deposited metallic films. Figure 
3.17 shows a schematic diagram of the substrate storage system 
built for this purpose. After the substrate was placed inside the bell- 
jar, the system was pumped down to about 1077 Torr by a Varian 
VacSorb pump cooled with liquid nitrogen for longer storage time. 
Industrial grade purity Argon was then admitted into the system until 
several torr Argon pressure was reached. Every time the system was 


opened to air, this procedure was repeated. 
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Figure 3.16 Schematic diagram of carbon arc us 


evaporation system. (27) 
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Figure 3.17 Schematic diagram of substrate 
storage system. 
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3.4 Conclusion 


Ta 


The prototype ion beam deposition system has met the operational 


requirements for the production of 
operational characteristics are as 
Vacuum condition 
Ion Current 
Mass Selection : 
Mass Separation : 
Ion Energy 


Substrate ; 


highly pure thin films. The 
follows: 
107-210.” Torr in substrate chamber 


5uA to 20uA at substrate 
0 - 600 a.m.u. 


M/AM =~ 10 


: 10eV - 4keV 


metal, semiconductor, insulator, 


various sizes and shapes. 
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Chapter 4 


Low Energy Ion Beam Deposition of Pb and Mg 


Thin Films and Analysis of Deposits 


4.1 Introduction 
Lead (Pb) and Magnesium (Mg) thin film were deposited by the 
proto-type ion beam deposition system described in Chapter 3. 


Pb and Mg were chosen as deposition materials for the following 


reasons: 
(1) low vaporization temperatures, 
(2) large mass difference, 
(3) large sputtering yield difference. 


Table 4.1 shows the physical properties of Pb and Mg. 

The film characteristics, such as composition, purity, thickness, 
surface structure and crystalline structure were investigated by 
using various diagnostic methods. The relationships between the 
incident particle energies and the consequent film characteristics 
was the main interest of the investigations. 

This oe is divided into three sections. In the first section, 
the various techniques which were used to analyse the deposits are 
described. In the second section, the results of Pb ion beam deposition 
and film analysis are presented. In the final section, the results 
of Mg ion beam deposition and subsequent analysis of the deposits are 


described. 


£ r93qsd0 suk natant m3 8X2 oie aie 
gatwollol sd4 10% aint ream aotsteog5 es oe ie th a a - 


ranoessT 


_ at er oa ae 


batwle19gte3 Cr wot 


rt. % 
meet) 


3 ae 
(some x92 2th! sg7st ' (s) 
eax: 


.sonststtkb brary vegies ogvet- ° (€) 

.Q@M bas 41 to estzrsqo7q Imokeyiq ad3 awods £8 sidet 

,evomigtds .ysitwa .neljieogms es dove ,eobtabseiostads mitt odT nd 
vd swahariuenios sxsw stusourte onilisteyrs bas owtoesss sostwe 

git noowied aqidenokjsiet edt .ebcrizom nh sake puolrer asia 
aotjsetyetosisdo miti Saoupeencs of bas eotgisas alotiveq sasblont | 
anolisgiieevel afi to suoustnt phen of} eee 

snotisse tezl2 ofa nl = .amoktose opidi oat hobtunly at aanqatis abit - 
a1s edkeoqsh sft seviens o3 beay o1ew dotidw aoupharios a 
sottteoqsh msod aek dt to atiueer oria notiose broose ous aot Shei aw 2 
etinder oft ,pokicse fant? ean - DotisRSTq STB sieving ott) 
918 atleoqsb sft te atayians ansupsedua bas nokrkeoqsh mod mn 


73% 


Element Symbol Atomic Atomic Vaporization Solid Solid Crystal Isotope Sputtering 
No. Weight Temperature Density Structure and Natural Yield 
at 10-3. totr 3 Abundance 
(°C) ene (%) 


Magnesium Mg 2 24.31 383 1.74 Hexagonal Me 78.7 low 


Lead Pb 82 207.89 625 La Foose. 48 High 


Table 4.1 Properties of Pb and Mg 
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4.2 Analytical Methods 

In order to investigate characteristics of Pb and Mg thin films 
in terms of compositional and structural properties, the following 
analytical techniques were used in this research work; 

composition = Rutherford Backscattering 


(RBS) Analysis 


surface structure : scanning electron microscopy 
(SEM) 
crystalline structure : transmission electron micro- 


scopy (TEM) and X-ray diffra- 


ction Analysis 
4.2.1 Composition Analysis - RBS Analysis 


Siteae MeV lignt ion beams are incident on to a target, the 
incident particles lose their kinetic energy in the target because 
of nuclear collisions. By measuring the energy spectrum of 
backscattered particles, information about the mass identification 
and depth distribution of target materials, as well as atomic 
identification of impurities, can be obtained with typical depth 
resolution of 100 to 300A [1,2]. This technique is most suitable 


re) 


for thin film systems of thicknesses of several thousand Angstroms. 


The application of RBS analysis to various thin film studies, such as 
interdiffusion and growth process has been discussed in detail in 
a recent conference [3]. 

The energy loss mechanism of the incident ion is divided into 


two processes: 
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CL individual scattering events due to the Coulomb 
repulsion between the nuclei of the incident ion 
and a target atom, 

(2) collisions between the ion and the electrons of 
the target atom. 

The first process provides information about the atomic mass 


of the target material. The mathematical representation is [4]. 


els ges 
E : the energy of the backscattered particle 
Ey : the energy of the incident particle 
Ky : the kinematic recoil factor 
M cos® + M Peal M ; Since Z 

K,=(- = * ) 
M Maer 

oO 1 
iA : atomic mass of the incident particle 
M) : atomic mass of the target particle 
If 0 = 180° and MoM then 


oles 


The second process provides information about the depth 
perception of the target material by using existing electronic 


stopping power data of the target material. The mathematical re- 
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presentation is expressed as: 


AE = [s]t 

AE energy width of the signal spectrum 

c : thickness (depth) of the target material 
[s] : energy loss parameter 


For regions near the surface [s] can be written as [4]. 


[s] = Spee ee 
dx 'E oso} dx KE 
= : the electronic stopping power of the target 


material. 


Therefore t is calculated by: 


AE 


dE af dE 
mt dX 'E a cos8 dX KE 
fey re) 
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+ 
The RBS analysis was carried out by 2.8 MeV to 3 MeV He 


ion beams obtained by a 5.5 MeV Van de Graaff accelerator. ‘This 
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energy range was chosen because of the stability of the accelerator 


and absence of nuclear resonances [5,6]. The ions backscattered 


through 170° were collected by a silicon surface barrier detector 


with an active area of 25 ‘mn and 500 um sensitive depth (ORTEC 
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A-016-025-500). The quoted alpha resolution of this detector is 
15.4 KeV FWHM [7]. The detector was placed 12 cm from the target. 
He” ion currents of V 100nA were used to obtain each backscattering 
spectrum over a 15 minute period for this target - detector con- 
figuration. Figure 4.1 snows a schematic diagram of the RBS system 
together with the data handling system. The total counts were 
adjusted by pre-setting the total ion current dosage at the target. 
The signals from the detector were amplified and analyzed by a multi- 
Channel analyzer. The analyzed spectrum was taken by Honeywell 516 
minicomputer. The final data printouts or drawings were made by 


SDS 940 minicomputer. 
4.2.2 Surface Structure Analysis 


The surface topography was investigated by using a Cambridge 
Stereoscan, model S-4, scanning electron microscope. The SEM is 
one of the most versatile instruments for the examination of the 
microstructure of solid surfaces [13, 14]. In the SEM, the secondary 
electrons ejected by the high energy electron bombardment provide 
information of the surface structure of the specimen. A three- 
dimensional image of the surface topography can be obtained in the 
microscope because of its large depth of field. Specimen preparation 
is relatively easy for SIM. A thin film of Pb and Mg was directly 
deposited onto a carbon specimen holder which was then placed into the 
microscope and tilted at 45° with respect to the incident electron 


beam in order to give depth contrast in the micrographs. 
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Figure 4.1 Schematic diagram of RBS system 
with data handling system. 
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4.2.3 Crystalline Structure Analysis 

One of the well established methods for analysis of thin film 
structure is transmission craeteos microscopy [8, 9]. The crystal 
structure and crystalline orientation as well as microstructure of 
the thin film can be determined by using the TEM. The crystal 
structure and crystalline orientation is determined from the trans- 
mission electron diffraction patterns of the thin films. The 
microstructure is obtained by imaging the thin film at a high magni- 
fication. 

The diffraction pattern will be regularly spaced diffraction spots 
for a single crystal specimen and will be in the form of concentric 
rings for a polycrystalline specimen. Figure 4.2 shows a schematic 
representation of the electron scattering, intensity distributions 
and final diffraction patterns from the single crystal and the poly- 
crystalline specimen [10]. The diffraction maxima occurs when the 
electron waves, which are scattered by particular lattice plane orien- 
tation, are in phase and combine constructively as the electrons pass 
through a crystalline specimen. Electron waves scattered from the 
lattice planes lying at all other orientations will be out of phase 
and interact destructively, and consequently no diffraction maxima 
will occur. 

A particular advantage of transmission electron diffraction is 
that a diffraction pattern of a selected small area of the specimen, 


which may be a single crystal, can be easily obtained by controlling 
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Figure 4.2 Schematic representation of electron 
scattering and diffraction pattern. 
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the size of area aperture. 

The main disadvantage of TEM is the destructive nature of this 
method. In order for electrons to pass through the specimen, the 
thin films luave to be stripped from the substrates, or the substrates 
have to be thinned to less than 1000A after the deposition of thin 
films. 

The microscope which was used in this research work was a JEOL 
(JEL-7A)TEM with 80 kV electron accelerating voltage which corresp- 
onded to relative wavelength of 0.0424. The Pb deposits on a self- 
supporting carbon film were mounted on specimen support grids after 
flotation on water. For a NaC substrate the supporting carbon film 
was deposited on top of the Pb deposits. The NaC substrate was 
then dissolved by water, and the floating film was mounted onto 
the support grid. 

Neutralized Mg thin films could not be deposited onto the thin 
film carbon substrate or NaC crystal substrate (see section 4.4.3 
for details). Consequently, X-ray diffraction techniques were used 
for the investigation of Mg film structure. The X-ray diffraction 
technique is relatively easy and convenient because no vacuum system 
is necessary and precise control of focusing condition are not 
necessary [11, 12]. The diffraction patterns represent the super- 
position of thin film structure and substrate structure because of 
deep penetration of the X-ray. 


Using an Enraf-Nonius (Diffractis 601) diffraction generator, a 
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diffraction pattern was obtained by the so-called pinhole photograph 
mode which utilizes monochromatic radiation to examine a polycrystalline 
specimens. Polaroid photographs were taken by grazing angle re- 
flection of X-rays: the specimens were tilted 10° to the incident 
Grays. Ni-filtered copper radiation (A = 1.54A) ros used as a 


monochromatic X-ray source. 
+ nae ; ; 
4.3 Pb Ion Beam Deposition and Analysis of Deposits 


' ¢ sats a eS Pie 
Typical operational conditions for the Pb ion beam deposition 


are given in Table 4.2. 


total ion dosage: 0.25 Coulomb 
ion current: QUA - 12yA 
bombardment time: 7 © 55 hours 
energy at extraction: + 4KeV 

energy at deposition: + 24eV to 300eV 
vacuum environment: Ad Toi Torr 


Table 4.2 Operational condition 


for Pb’ beam deposition 


For the purpose of this study the ion energy alone was intention- 
ally varied in order to investigate the characteristics of the 
resulting deposits. With this particular ion beam deposition system, 


P ap f Tee 
the maximum Pb ion current of 9U - 12UA necessitated deposition 
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times of 7 - 5.5 hours for a total dosage of 0.25 Coulombs for each 
coating, which was chosen as a standard value, because this value yields 
bulk density deposits of an area of 2mm x 25mm with a thickness of lin, 
if unity condensation of the ion beam occurs. 

The incident Pb* ee beam was focused into a caeeaet ree shape and 
deposited onto a substrate. The ion source and the ionebean transpor- 
tation system were manually adjusted to obtain maximum ion current at 
the substrate, however, the stability of the system is such that infre- 
quent adjustments are necessary for Phil and Me” ion beams. 

The statistical nature of the Pb* deposition and analysis of deposits 
are shown in Table 4.3. The reproducibility of the films was excellent; 
the variation in measured thickness and width of the deposits for each 
deposition energy are within a 10%. Consequently the reproducibility of 
this deposition method is considered to be adequate for various thin film 
applications. 

4.3.1 Low Energy Pb’ Ion Beam Deposition 

The Pb deposits are characterized by two distinct visual features. 

In the central area where the ion current density is highest, a thick, 
gray deposit (area I) merges gradually into a thin reflective deposit 
(area II). Figure 4.3 shows variations of deposit width as a function 
of incident ion energy. The deposit width distribution corresponds to 
that of Figure 3-14 for an energy range less than 100eV. However, for 
the higher Pb” ion energy deposition (more than 150eV), only area II was 
observed. No deposits were observed at energies higher than 200eV, i.e., 


the self-sputtering dominated over the deposition. 
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Deposition Number of Pb films deposited on various substrates Number of Samples Analyzed 
Energy Poco SEM Sample Carbon Thin NaCl RBS SEM TEM 
(eV) Graphite holder films Single Crystal 


24 4 2 2 2 3 2 2 
48 5 3 2 2 4 2 2 
72 4 3 2 2 3 2 2 
19 E 2 2 2 2 2 2 2 
169 > - - - 2 - - 
2a7 1 - - - - - ~ 
266 1 ~ - - - - ~ 


aa 
Table 4.3. Statistical Nature of Pb deposition 


and analysis of deposits. 
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Figure 4.3 Pb deposit width as a function of 
incident ion energy. 
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The self-sputtering effect was monitored, as the deposition energy 
was increased, by observing the circular Pb deposits collected on the 
back of the decelerator plate situated 10mm in front of the substrate. 
The sputtered deposits were not seen below Pb ion energies of 24eV. 

At 48eV, a small circular deposit was observed. This deposit increased 
in size as the ion energy increased, and above 200eV, the size of de- 
posits were over 5cm in diameter. 

A high energy self-sputtering study revealed that the self-sputtering 
yield of Pb is almost equal to that of Au (Figure 2.2). Also, the self- 
sputtering yield was found to be consistent with the noble-gas sputter- 
ing yield for low energy sputtering (Figure 2.3). Therefore, by combin- 
ne this experimental observation of Pb self-sputtering with the low 
energy Au sputtering studies [15, 16], the self-sputtering threshold 
energy for Pb is considered to be roughly 24eV. The self-sputtering 
yield approaches unity at an incident energy of approximately 200eV. 

Although no special cleaning technique was applied to the substrate 
surfaces, the adhesion of Pb films onto the substrates was strong. All 
Pb films passed the "scotch-tape test" [17]; surface carbon was stripped 
by the tape except in the area of the deposits. The main reasons for 
good film adhesion may be summarized as: 

(1) substrate sputter-cleaning by the ion beam during deposition, 

(2) provision of a high energy flux to the substrate surface by 

the energetic incident particles 
(3) modification of the surface and interfacial structure due to 


the ion bombardment. 
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4.3.2 R.B.S. and S.E.M. Analysis 
From three to nine RBS spectra and three surface topographies were 
obtained from different sites on each substrate in order to compare 


the characteristics of the deposits. 


Impurity content 


Figure 4.4 shows a spectrum obtained from the central area of a 
freshly-deposited film from a 48eV Pb ion beam. High count statistics 
were taken to emphasize the substrate carbon edge with respect to the 
Pb peak and to search for possible impurity peaks. No detectable impur- 
ity species peaks were observed other than those of carbon and lead. 

The sensitivity of the RBS techniques is about 10° Lites monolayer 
for light mass atoms and 10 *-10"2 monolayer for heavy mass atoms. 
Therefore, the impurity levels in the Pb film are less than 0.1 atomic % 
for heavy masses and less than 10 atomic % for light masses. 

RBS analysis has been shown to detect impurities incorporated within 
thin film structures prepared by vacuum evaporation and sputter deposition 
[18]. In general, these impurities originated from the crucibles used in 
vacuum evaporation or from the supporting gas used during sputter deposi- 
tion. Even when the limited sensitivity of the RBS techniques is con- 
sidered, especially for low-mass impurities, the ion beam deposition 
technique produces a Pb deposit which is considerably purer than those 
obtained by using more conventional techniques. 

The relative purity of the ion beam deposited Pb films is in the mag- 
nitude of 2 to 10 higher than films prepared by conventional methods and 


analyzed by RBS [18]. 
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Figure 4.4 RBS spectrum of 48 eV Pb deposit 
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The Pb deposits are considered to consist of several Pb isotopes i.e. 
ayes PE. Phan and Poe ae because the velocity filter is not capable 
of separating isotopes of heavy ion beams (refer to Figure 3-9 and 3-12). 
Pb Deposit Density and Thickness 

Figure 4.5 shows the portion of the RBS spectra containing the yield 
from the center of the Pb deposits for a range of ion beam energies. A 
spectrum from bulk Pb is also shown for density comparison. By comparing 
the peak heights, the atomic density of the Pb deposits can be estimated. 

All RBS analysis were carried out by using 2.8 eV SEY ion beam. Elec- 
tronics were adjusted so that the channel width 5 E= 2.87 KeV/ channel was 
obtained. The following factors were calculated for this energy in order 
to estimate film thickness; 

the kinetic recoil factor Kop = 0.9262 


the energy loss parameter [Sl], = 61.8 eV/A 


The electronic stopping powers were obtained from the available data 
table [19]. Table 4.4 shows the density, energy width at FWHM and cor- 


responding average film thicknesses as a function of Pb deposition energy. 


Pb” ion energy film atomic density Energy width of Film thickness 
(eV) bulk density FWHM (KeV) % 
@) (At200A) 
24 64 L355 2500 
48 97 115 1900 
1 P4 100 77.4 1300 
124. 80 Sine 850 
169 35 343 500 


Table 4.4 Density and thickness of Pb deposits 
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Figure 4.5 RBS spectra of center of Pb deposits. 
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Figure 4.5 RBS spectra of center of Pb deposits. 
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At 24cV deposition, a relatively thick deposit with a low atomic 
density is obtained. Atomic density of deposits reaches bulk 
density at 48eV and 72eV, but deposit thicknesses decrease from 
their maximum at 24eV. 

It is known that the backscattering yields are proportional to 
the number of Scone /icne for a continuous film. However, this yield 
will decrease for discontinuous films, and the amount of the decrease . 
in yield is proportional to the fraction of uncovered area [20]. The 
surface topography for 24eV deposit shows a thick film with deep 
channels (Figure 4.6(a)). Namely, for 24eV Pb? deposition, the deposit 
has to be a relatively thick film (more than 2500A) before the total 
coverage of the substrate surface is achieved. On the other hand, 
for 48eV and 72eV Pb’ deposition, full surface coverage is achieved 
with relatively thin films. In order to obtain totally continuous 
films, deposition of total 0.5C Pb ion dosage was carried out for 
24eV and 48eV. Both deposits showed the thick bulk density films; 
48eV deposit (4000A) was thicker than that of 2hev (35004) due to 
less spreading of the films. 

For ion energies higher than 72eV, the effect of self-sputtering 
predominates over deposition and both thickness and atomic density 
decrease. 

Scanning electron microscopy was used to visually inspect the 
area of interest. Figure 4.6(a) - (d) show SEM micrographs from 
area I for increasing energies. At 24eV the deposit shows a thick 


film feature with a gentle hill and valley surface. The deep channels 
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Figure 4.6 Surface topographs of the center of the Pb 


deposits, (a) 24 eV, (b) 48 eV, (c) 72 eV and 
(d) 121 eV deposition energies. 
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reaching to the carbon substrate are clearly seen. As the deposition 
energy is increased to 48eV, the surface becomes flat and continuous 
with large grains, similar to that of annealed and recrystallized 
films [21]. At 72eV the deposit shows the flat thin film feature with 
large holes. At 12leV the deposits are no longer continuous, showing 
a liquid-like coalescence state with the formation of flat-topped islands. 
A second feature of the RBS spectra from the Pb peaks is the gradual 
decrease of the yield on the low energy edge of the peak, which is al- 
most common for all peaks. This is thought to be caused by the non- 
uniformity of the film thickness, because 1) the incident feet ion beam 
(probe) diameter is roughly 2mm, and 2) the deposit distribution is 
roughly bell-shaped (Figure 3-14). Within a 2mm probe diameter, the 
film thickness is then assumed to be non-uniform, which results in a 


low yield on the low energy edge of the peak. 


Deposit Thickness Distribution 


The deposit thickness distribution across the face of the deposit was 
also investigated. Because of the spreading of the beam just before 
deposition due to space-charge expansion, the effect of ion dose and the 
deposition rate on film growth can also be approximated. Since the energy 
spread of the beam is, at maximum, only a few eV, the ion beam energy can 
be considered to be constant for the entire deposition area. 


Figure 4.7 shows such a RBS scan across the face of the 48eV 
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Figure 4.7 RBS scan of 48 eV Pb deposit. 


Center 


800 


900 Channel 


Un ta ie Yh eee 


i: ‘ - ; 
a ie te tL --a Ob 


"y 


96. 


deposit. Because space charge spreading is more severe at higher 
retardation potentials (low deposition energy), low energy deposits are 
wider in area than at higher energies. The RBS peaks reveal that the 
spreading is about a factor of ten wider than that of visual observa- 
tion (Figure 4.2). 

Figure 4.8 shows micrographs taken across the face of a 48eV deposit: 
(a) is from area I, (b) is from the transition between area I to area 
II and (c) is from area II. In area II, very thin deposits cover the 
whole area and the surface coverage is extensive at this stage. Figure 
4.8 (b) shows the typical liquid like coalescence stage of film growth. 
This surface topography variation is common for each deposit at various . 
energies. For low dosage, the surface is almost entirely covered by 
small islands of uniform size. As dosage increases, the islands increase 
in size, become flat-topped, and began to coalesce. At high dosage, an 
almost continuous film is obtained after the filling of channels and 
holes. 

By combining both RBS and SEM data in the low dose areas (Figure 4.7 
and 4.8), the deposit growth is characterized by an increase in height 
of the Pb peak rather than an increase in width, or by an increase in 
area coverage rather than an increase in thickness. However, the degree 
of the surface coverage and thickness is dependent on the incident ion 
energies. For 24eV, a rather thick film is required for total coverage, 
on the other hand for 48eV and 72eV, total coverage of the substrate 


surface can be achieved by relatively thin films. 


| 
} J 
me 2s i 
ne go \ 
ae t 


Pei 


‘ 


rtkeoqsb Vets a to Hobe 
pais of I sea8 noswied US ey 
ait tavon athsoqeb atria cree pas wots aes 
orgit .ogete eid} 36 ovbengane ek repre 
-Asworg mif2 to egede sorasea tbe: edt baopikt 4 
auobusvy 9% tiadqab doao aot le at nok : 
rae hetevos Uletbins taomls ae! | 
sanoyont eboslek @f2 ,.2sensTonh | | 
as ,agaeeb dak SA _sgonabeos o2 oiigi bas _baqqoo=28 


has alanneds Jo enna at tetts. bantesdo baat c 


ie | _-aelod : i 
(.d omg) asexe sab wok oda ak saab BA2 bos Qa daed gatntdmon ya — 
jdgied ot sesstonl as yd yore ak dawoxg the 
- 
.sgeTevo> inies x03 betkups1 at a dotda inaleigiche (Veta 4 
ven 4 


938% Jadue sia io age tevoo tavos West bas Va8s * Bb ba 
smth? adda ‘aad 6 i = tae a 


} ; | I t 


Lr 
7 Pe 
LPO 


4d 


t 


oy 


+ ASS INT tery 


s,s 
Lt 


Figure 4.8 Surface topographs of 48 eV Pb deposit for various 
distance from deposition center, (a) deposition 
center, (b) 2 mm off-center, (c) 4 mm off-center. 
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4.3.3 TEM Analysis 

In order to investigate the effect of the incident particle energies 
on the crystalline structure of the films transmission electron dif- 
fraction analysis was conducted by using TEM. 

Thin carbon films and single crystal NaCg were used as substrates. 

Figure 4.9 shows the diffraction pattern obtained from (a) carbon 
thin film, (b) 48eV Pb on C film and (c) 120eV Pb on C film. The sub- 
strate carbon film shows the typical amor phous structure. The 48eV 
Pb deposit shows the polycrystalline structure with a specific orien- 
tation. The 120eV deposit also shows the polycrystalline structure 
with specific orientations with larger grain sizes. Several crystalline 
orientations are dominant: this is clearly seen as bright rings on the 
diffraction pattern. (Figure 4.9 (c)). 

This recrystallization of the deposit because of the incident energy 
increase is also clearly seen by Figure 4.10. These diffraction pat- 
terns were obtained from the Pb deposits on single crystal NaC% substrate 
with [100] orientation. At 24eV Pb deposit (Figure 4.10 (a)), the dif- 
fraction pattern indicates an amorphous structure. With increased 
deposition energy, f.c.c. structure with [100] orientation begins to 
appear on the diffraction pattern (Figure4.10(b)). At 120eV deposition, 
the diffraction pattern is similar to that of an epitaxial film. The 
f.c.c. structure with [100] orientation is dominant in this diffraction 


pattern. This structure is verified by indexing the diffraction pattern. 
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Figure 4.9 Electron diffraction patterns of (a) carbon thin 
film, (b) 48 eV Pb deposit on C film, and (c) 
121 eV Pb deposit on C film. 
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Figure 4.10 Electron diffraction patterns of (a) 24 eV Pb 
deposit on NaCl, (b) 48 eV Pb deposit on NaCl, 
and (c) 121 eV PB deposit on NaCl. 
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The d-spacing for diffraction spots is given as [22], 


» 


qd =AL 


R- 


where A: the wavelength of incident electron beam = 0.042 A 
L : camera length = 300mm 
R : distance between the center and the diffracted spots 


The shortest R, is 5.2mm, the 


d, =r 2i54 2A 


Now the miller indices of a cubic structure is given as: 


| Q 
eon thy ded tbr 


1 a 


where a is the lattice constant, and for Pb a = 4.95A [23], then 


eee ~ 4, 


Therefore, the miller indices for those spots is: 


{ h kid } {2,0,0} 


The next nearest spots are also found to be; 


{ Bok oh eee 1252,03 


uadd .f€8) AeA = & dT 202. bps bom anova iy boson ord ak 6 


=e 


lO aes 

Therefore, the dominant diffraction pattern is that of [100] orien- 
Eabionior 1 Cs. crystal. 

In Figure 4.10 (c), several distinct diffraction rings are observed 
inside the {2,0,0} Pb diffraction spots. These rings are speculated to 
be a result of either 1) NaC crystal, present because of insufficient 
specimen washing, or 2) oxides of Pb. 

The d-spacing of the innermost ring is found to be we = 6A. Tfetnisc 
diffraction ring were caused by NaC crystal, which has a cubic structure, 
the smallest possible N-value from the miller indices is 


Nahe + koa 3 


Consequently the lattice constant will be about 10A; however, the real lat- 
tice constant for NaC is Boone Therefore, these diffraction rings are not 
from NaCL crystal, but are probably caused by the oxides of Pb film. The 

° ° 
large lattice spacing (typically 5A~ 8A [25]) of the lead oxides (orthor- 
hombic or tetragonal structure) also supports the above statement. How- 


ever, the precise indexing of the diffraction rings is rather difficult 


due to the nature of crystalline structure of the lead oxides. 


The crystalline structure and grain size of the deposits depends on the 
energy of the incident ion beam; a higher order of crystalline orientation 
with large grain size is obtained by a higher energy deposition. 

The main reasons for the recrystallization at high energy deposition 
are considered as follows: 

1) provision of high energy flux to the substrate surface by the 

high energy incident particles 
2) enhanced diffusion process due to high mobility of the adatoms 
3) creation of defects on substrates, which in turn create preferred 


nucleation sites 
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a 
4.4 Mg Ion Beam Deposition and Analysis of Deposits 


Typical operational conditions for Mow ion beam deposition are 


given in Table 4.5 


total ion dose: 0.25 Coulomb 
ion current: 12uA - 15yA 
bombardment time: Deol= aan. 
energy of extraction: +4KeV 

energy of deposition: +20eV to 500eV 
vacuum environment: Shas 10° Torr 


Table 4.5 Operational condition for Mgt 


ion beam deposition 


The same total ion dosage as that of Pb was used for Mg” deposition. 

The ion energy alone was varied to investigate the film characteristics. 
The statistical nature of Me’ deposition and analysis of deposits are shown 
in Table 4.6. 

The reproducibility of the Mg deposits was also excellent. The meas- 
ured variation in thickness and width of Mg deposits are the same as that 
of Pb deposits. Consequently, the reproducibility of the Mg deposit are 
considered to be adequate for various thin film applications. 


4. 
4.4.1 Low Energy Mg Ion Beam Deposition 


The Mg deposits are visually characterized by a silvery deposit on the 
carbon substrate. The depositions of 100eV or less exhibit double line 


deposits: i.e. a very thin deposit was observed beside the main deposits. 
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Number of Mg films deposited 


pepesiticn on various substrates. Number of samples analyzed. 
energy POCO SEM Samples Carbon RBS SEM X-ray 
(eV) Graphite holder thin film diffraction 
24 4 2 - ele: 2 2 
48 4 uy E 3 | 1 
14 4 1 - 2 1 as 
100 2 1 1 2 1 2 
120 4 - - 2 ce = 
150 2 1 1 1 1 1 
170 4 - - 2 — = 
217 3 1 - i 1 - 
300 2 - - 1 - - 
500 1 ~ - i} 3 zs 


Table 4.6. Statistical nature of Mg* deposition 


and analysis of deposits. 
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For 48eV and 24eV deposits, two line deposits are super-imposed on each 
other due to space charge spreading. Figure 4.11 shows deposit spread- 
ing due to the space-charge expansion. The low energy area of the curve 
is almost the same as that of Figure 4.3. At a higher energy range, par- 
ticularly Hipher than 300eV, the deposits were clearly observed because 
of the low self-sputtering yield of Mg. 

The self-sputtering effect was monitored by the same method described 
in section 4.3.1. The self-sputtering yield of Mg is roughly the same as 
that of Al (Figure 2.2). Therefore, as before, by combining the experi- 
mental observation of Mg self-sputtering with the existing data on low energy 
sputtering, the threshold energy for the self-sputtering of Mg is consi- 
dered to be roughly 24eV. The self-sputtered yield approaches unity at 
an incident energy of approximately 500eV. 

In contrast to Pb deposits, the adhesion of Motaescairs at low energies 
was rather weak. All Mg deposits less than 100eV failed the "scotch-tape" 
test. The deposits with 120eV or higher ion energy passed this test. 

This variation of adhesion strength of Mg deposits with the carbon 
substrate cannot be simply explained by two body collision phenomena 
(Chapter 2). However, the average retained energy of Mg particles after 
the initial collision is about 55eV for the incident energy of 100eV, 
and about 7OeV for the incident energy of 120eV (Figure 2.7). Therefore, 
Mg particles with incident energy of 100eV or lower have less possibil- 
ity of making displacement of other substrate particles in further col- 
lisions. On the other hand, Mg particles with 120eV incident energy or 
higher can possibly make another displacement of substrate particles dur- 


ing the next collision. Consequently, Mg particles with 120 eV or higher 
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Mg deposit width 


200 


Figure 4.11 Mg deposit width as a function of 
incident ion energy. 
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incident energy have good possibility of penetrating a few atomic 
layers. It is also shown that the surface carbon of the substrate is 
loosely bonded. Therefore, Mg deposits with incident energy of 100eV 
or lower could be easily peeled off together with loosely bound sur- 
face carbon by the scotch tape. On the other hand, Mg deposits with 
120eV or higher could be deeply anchored into the substrate and could 


have a stronger adhesion with the substrate. 


4.4.2 RBS and SEM Analysis 


Impurity Content 


An oxygen peak was always observed in the RBS spectra even when 


Mg film was freshly deposited. This oxidization of Mg film was con- 


sidered to be post-deposition oxidization for the following reasons. 


1) The oxygen partial pressure was very low (less than ee Torr) 


during deposition, 
2) The RBS peak of oxygen was that of surface oxygen, 


3) Mg is known to be easily oxidized at room temperature [24]. 


During the transportation of Mg deposits from the ion beam de- 
position system to the RBS system, or to the storage sytem the oxi- 
dization of Mg film by atmospheric oxygen probably took place very 
rapidly. 

Except for oxygen peaks, there was no detectable impurity species 
in the RBS spectrum, consequently Mg deposits fabricated by the ion 


beam deposition method were considerably purer than those of conven- 
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tional deposition methods. The relative purity of Mg deposits are 


considered to be the same as the purity of Pb deposits. 


Mg Deposit Density, Thickness and Composition 


Figure 4.12 shows the portion of the RBS spectra containing the 
yield from the center of the Mg deposits for a range of ion beam 
energies. 

Table 4.7 shows the density, energy width at FWHM and corres- 
ponding average film thickness. The kinetic recoil factor ve = 0.5171 
and the energy loss paramenter [Sle = 30.2 ev/A are used to calculate 


the average film thicknesses. 


4. 
Mg ion energy film atomic density energy width average film 
(eV) bulk density (%) at FWHM (KeV) thickness 


(A * 200A) 


24 83 57.4 1900 
48 100 57.4 1900 
100 67 57.4 1900 
120 50 15 1400 
170 uy = ny 
300 ibis = = 


Table 4.7 Density and thickness of Mg deposits 


In order to obtain thicker deposits, the total ion dosage of 
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Figure 4.12 Rbs spectra of center of Mg deposits. 
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Figure 4.12 RBS spectra of center of Mg deposits. 
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0.5 Coulomb deposition was used at 24eV and 100eV. Both films 
yielded bulk density thick films: 3700A thickness for 24eV deposit 
and 3300A thickness for 100eV deposit. The decrease in thickness of 
film at 100eV is thought to be due to self-sputtering. 

As previously described in section 4.4.1 the low energy Mg depo- 
sits are visually characterized by double line deposits. The double 
lines are though to result from the isotopes of Mg. The main depo- 
sition line consists of Meee and the very thin deposition line 
consists of Meo> and Neto. This effect is clearly seen on RBS 
spectra as a shift of Mg peaks. For low energy Mg deposition, Mg 
peaks appeared at channel 500 which corresponds to 1.44 MeV. At 
100eV deposition, a peak maximum shifted to channel 494 which cor- 
responds to 1.42 MeV, and the gradual decrease of the yield is ob- 
served on high energy edge of the Mg peak. At 120eV or higher 
energies, the Mg peaks appeared at channel 494 without the gradual 
decrease of yield on the high energy edge. 1.44 MeV corresponds to 
the kinetic recoil factor of 0.518 and 1.42 MeV corresponds to 0.510. 
These kinetic recoil factors correspond to target masses of 24.3 and 
24.0 respectively. Therefore, the low energy Mg deposits (48eV and 
24eV) consist of several isotopes of Mg with natural ratios. The 
100eV deposit also consists of several isotopes with less heavy Mg. 
Deposits with energy higher than 100eV consist only of MBes. 

At low energy deposition, the isotopes inter-mixed due to the 


space-charge expansion of the ion beams. Also, the optimization of 
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the deposition condition is achieved by adjusting the ion beam system 
so that the maximum ion current is obtained at the substrate. There- 
fore, the deposits at low energy probably contain several isotopes. 
However, at higher energy the space-charge spreading is reduced and 

the position of maximum ion current is shifted (Figure 3.14). Pine 
fore, the optimum condition is obtained by choosing the ion beam of the 
highest intensity, i.e., Meas element (80% of total ion current). 
Hence, only tees deposits are obtained at energies higher than 100eV. 

The other feature of the RBS spectra of Mg peaks is the "tailing" 
of the yield on the low energy edge of the peak even for very small 
peaks which is significant for the higher energy deposition of 120eV 
or more. This is considered to be caused by the penetration of Mg 
particles into a carbon substrate, because 1) the RBS spectrum 
of a carbon edge exhibits a gradual increase of yield rather than a 
sharp increase and 2) surface topographies do not show deep channels 
or deep holes which are typical features of thick films. 

As previously discussed, the binary collision model shows the strong 
possibility of deeper penetration of higher energy Mg particles into 
a carbon substrate. This penetration is also considered as a main 
reason for good adhesion of deposits with energy of 120eV or higher. 

A visual inspection of the areas of interest was carried out by SEM. 
Figure 4.13 (a) - (d) show the surface topographies of the center of 
Mg deposits at various energies. At 24eV deposition, the surface top- 
ography shows a corrugated surface with pebble-like protrusions. As 


the deposition energy is increased, at 48eV the surface becomes flat 
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Figure 4.13 Surface topographs of the center of the Mg deposits, 
(a) 24 eV, (b) 48 eV, (c) 100 eV, and (d) 150 eV 
deposition energies. 
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with shallow craters. The deposit is continuous. At 100eV, deposit 
is still continuous, but deep craters and holes are clearly seen. 

The deposition at 150eV shows clear evidence of self-sputtering of 
deposits, with a surface topography resembling a lunar landscape with 


many sizes of shallow craters and holes. 


Deposit Thickness Distribution 


The effect of ion dosage on film growth can be approximated by 
investigating the deposit thickness distribution as mentioned pre- 
viously in section 4.3.2. 

The general features of the RBS spectra were the same as those 
of Pb deposits: more spreading at low energy deposition occurs 
because of the space-charge spreading. 

Figure 4.14 shows scanning electron micrographs taken across the 
face of a 24eV deneare: (a) is from the deposit center, (b) is 
from 2mm off-center, and (c) is from 4 mm off-center. All surface 
topographies show the same corrugated surface structure with pebble- 
like protrusions. Only the spacing of protrusions vary with ion 
dosage. In the area of thicker deposits (higher ion dosage) the 
protrusions are further apart. The deposit obtained from 0.5 Coulomb 
total ion dosage had the same features, but protrusions were larger 
than that observed in a 0.25 Coulomb deposition. 

Figure 4.15 shows the surface topographies of 100eV deposit taken 
from a) the deposition center, b) 2mm off-center and c) 4mm off- 
center. The surface topographies show completely different surface 


structures from those of 24eV. At higher ion dosage, a flat surface 
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Figure 4.14 Surface topographs of 24 eV Mg deposit for various 
distance from deposition center, (a) deposition 
center, (b) 2 mm off-center, (c) 4 mm off-center. 
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Figure 4.15 Surface topographs of 100 eV Mg deposit for various 
distance from dedosition center, (a) deposition 
center, (b) 2 mm off-center,and (c) 4 mm off-center. 
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with few craters and holes is obtained. Decreasing ion dosage yields 
a wavy surface with many craters. At very low ion dosage, a very 
thin coating with a pitted surface is observed. This type of film 
growth was common for all other deposits except 24eV deposit. 

From the above results, it can be concluded that the corrugated 
surface and surface growth was caused by 24eV incident ion energy 
rather than ion dosage variation, and that a relatively flat surface 


is obtained at deposition energy higher than 24eV. 


4.4.3 X-ray Diffraction Analysis 


When depositing an ion beam onto aninsulator or highly resistive 
substrate, a thermal electron emission filament was required as_ des- 
cribed in section 3.2.3. The temperature of the whole substrate as- 
sembly, was about 100°C when the thermal filament was used for neu- 
tralization of surface charge build-ups. 

Mg deposition onto a thin film carbon or single crystal NaCl was 
attempted by neutralizing the substrate surface with this thermal 
filament. However, no deposit or at most only very small area thin 
deposits at the center of the substrates were obtained due to the 
thermal re-evaporation of Mg deposits. Mg has a vapor pressure of 
10 TOLL PAL 150°C (Figure 1.1). The total pressure during depo- 
sition of the Mg ion beam was in the order of 10° Torr. The temper- 
ature of the substrate is probably higher than that of whole substrate 
assembly due to the filament-substrate configuration. Therefore, it 


is reasonable to speculate that Mg deposits were thermally re-evaporated 


by the substrate surface temperature of above 100°C. 
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In order to investigate the Mg film crystalline structure, the 
X-ray diffraction method was used. The diffraction pattern will 
include the film structure as well as the substrate structure be- 
cause of deep penetration of X-ray. 

Figure 4.16 shows the diffraction pattern of a) Poco Graphite 
substrate and b) a thick 100eV Mg deposit with the same substrate. 
The diffraction patterns obtained indicate the polycrystalline struc- 
ture. There is no significant difference between a) and b). Be- 
cause of the strong reflection spectrum from the substrate and the 
lack of adequate sensitivity of this analysis, the diffraction pat- 
tern from the Mg film cannot be distinguished from that of the sub- 
strate. Unequivocal information on the crystalline structure of the 


Mg deposits could not be obtained. 


4.5 Conclusions 


+ + 
Pb and Mg ion beam depositions were successfully carried out by 


using the low energy ion beam deposition system. 


Space-Charge Expansion and Self-Sputtering 


The spreading of deposits due to the space-charge expansion of ion 
beams was found to be not a serious problem even for very low energy 
deposition. On the other hand, self-sputtering of deposits governs 
the deposit thickness, expecially for high sputtering yield mee tate 
such as Pb. This self-sputtering effect limits the range of possible 


deposition energies. For Pb, no deposits were observed at an energy 


of 200eV or higher. However, for low sputtering yield materials such 
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(B) 


Figure 4.16 X-ray diffraction patterns of, (a) carbon substrate, 
(b) 100 eV Mg deposit on same substrate. 
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as Mg, the deposits were observed even for a 500eV deposition energy. 
If only the space-charge expansion and self-sputtering is con- 

sidered, the best deposition energy for Pb is about 50eV, and 100eV 


for Mg. These energies correspond to self-sputtering yields of about 


Use eto70.2. 


Adhesion 

The adhesion of Pb deposits was strong even for 24eV deposition; 
on the other hand, only Mg deposits of 120eV or higher energy show 
strong adhesion to carbon substrates. Lower energy Mg deposits failed 
the "scotch-tape test.'"' The strong adhesion of Pb deposits is spe- 
culated to be a result of surface damage of the substrate material 
and subsequent inter-mixing of deposits aidbalherrare: The good ad- 
hesion of Mg deposits with higher energies is considered to be due to 


Mg particle penetration into the substrate surface. 


Purity and Composition 


The purity of Pb and Mg films has been shown within the sensitivity 
range of RBS analysis to be superior to that of films eauceowtad by 
conventional methods. However, the post-oxidization of Mg film was 
observed even for very carefully stored films. 

The Pb films consist of several isotopes of Pb for all deposition 
energies. The lower energy deposited Mg films consists of several 
isotopes of Mg, but Mg films with higher energy deposition consist 


2 
of only one isotope, i.e. Mg te 
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Thickness and Surface Structure 


For the Pb films, the lowest energy (24eV) deposition yields the 
thickeSt films. However, there is evidence that film thickness in- 
creases without complete surface coverage at 24eV deposition. At 
48eV deposition, the surface coverage is complete before the increase 
of film thickness. For a deposition energy of 120eV or higher, the 
surface coverage and film thickness decreases due to the self-sputtering 
of the deposits. The surface topography of 24eV deposits show thick 
film with gentle hilly-like features. At 48eV deposition, the surface 
of the deposit becomes flat and continuous with large grains, similar 
to that of recrystallized films. At 72eV deposition, the surface 
topography of the deposit shows a flat smooth film with big holes and 
channels. Both film thickness and complete surface coverage decreases 
as deposition energy is increased to approximately 100eV. 

For Mg deposition, the film thicknesses are the same for 24eV, 48eV 
and 100eV deposition. 

The micrograph of 24eV deposit shows a corrugated surface with 
pebble-like protrusions. The deposits of 48eV and 100eV have a flat 
surface with shallow craters. 

As the deposition energy increases, surface topography shows the 
effect of self-sputtering and "lunar-surface" like features are ob- 
vious. Also, the RBS spectrum shows evidence of Mg particle penetra- 


tion into the substrate at high energy deposition. 
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Film Growth 

For both Pb and Mg deposition, the general tendency in film growth 
processes is towards an increase in area coverage rather than an in- 
crease in thickness. However, the degree of the surface coverage and 
thickness is dependent on the incident ion energy. 

For Pb deposition, films with thicknesses more than 2500A are re- 
quired for total surface coverage for 24eV deposition. For 48eV and 
higher total coverage can be achieved by films less than 2000A thick- 
ness. 

For Mg deposition, a corrugated surface is obtained even for thick 
films at 24eV deposition, and good surface coverage was achieved with 
relatively thin films for energies up to 100eV. For 48eV and 100eV 


deposits, thin films with wavy surfaces are observed at low ion dosages. 


With an increase of ion dosage, thin flat films were obtained. 


Crystalline Structure 


The crystalline structure of the Pb deposits exhibits an incident 
ion energy dependence. For lower energy deposition, the deposit has 
an amorphous or polycrystalline structure. At a deposition energy of 
120 eV, the deposit shows a definite orientation. When the substrate 
is a carbon thin film, a polycrystalline structure is obtained. For 
a single crystal NaCf substrate, the Pb deposit is almost an epitaxial 
film. A f.c.c. structure with [100] orientation is the dominant de- 
posit crystal structure. 

The investigation of crystalline structure of Mg film was conducted 
by X-ray diffraction. Because of a strong diffraction pattern due to 


the carbon graphite substrate, a detailed diffraction pattern from Mg 


films was not obtained. 
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Chapter 5 
Limitation of Present System 


The limitations of the present low energy ion beam deposition sys- 
tem can be divided into two categories: 1) limitations due to the 
nature of the deposition method, itself, and 2) limitations due to 
the system. 


5.1 Limitations Due to the Nature of Deposition Method 


Limitations which belong to this category are the self-sputtering 
effect and slow deposition rate. 

The self-sputtering effect limits the range of the deposition energy 
for obtaining thick films. Especially for high sputtering yield mater- 
ials such as Pb, Au and Ag, this is a serious problem when a thick film 
at a high energy of deposition is desirable. There is no absolute so- 
ae which overcomes this limitation, however the alternation of 
energy with a certain time interval might be one solution to minimize 
the self-sputtering effect. A thick film with strong adhesion and more 
orientated crystalline structure can be obtained by optimizing the de- 
position time interval for low and high incident particle energies. 

Another limitation, the slow deposition rate, is also fundamental. 
Even if a mA range ion beam is employed, the deposition rate of the 
film is much lower than that of vacuum evaporation. There is no so- 
lution for this problem until an ion source which produces ampere range 


ion beams is available. 


5.2 Limitations Due to the System 


Limitations which belong to this category are ion species, ion 


current density, and substrate materials. 
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In the present ion source, only a limited number of ions of 
solid materials with sufficient ion current density have been 
obtained as mentioned in section 3.2.2 A. It has been rather 
difficult to obtain sufficient ion current density beams from 
high vaporization temperature materials such as Ag,Cu. The main 
difficulty arises from the condensation of vapor between the furnace 
and the ion source (see Figure 3-7). This problem may be solved 
by the combination of a furnace and an ion source into one unit. 
Figure 5-1 shows a schematic of the planned modified ion source. 
The main body of the ion source consists of Boron nitride or Alumina. 
Tnerefore, operational temperatures up to 2000°C are possible. The 
distance between the furnace and ion source is physically minimized 
to avoid vapor condensation. For low vaporization temperature 
materials, only the discharge filament may be required to obtain 
sufficient vapor pressure for discharge. The materials with 
vaporization temperatures up to approximately 1500°C can be used 
as charge materials by operating a furnace filament. Therefore 
the ion beams of practically every material except some refractory 
metals can probably be obtained by this ion source design (see 
Pigurce 2bs1). 

All depositions achieved in this research work were carried out 
by ion beams of up totensof microamps. The increase of the 
total ion current and consequently the increase in deposition rate 
can be achieved by 1) the increase in extraction voltage, 2) increase 


in anode hole size and 3) adaptation of other ion sources. 
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Figure 5.1 Plug-in ion source combined with 
furnace. 
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By combining 1) and 2), it might be possible to obtain an 
ion current in the mA range. But obviously higher pumping speed 
is required in the ion beam transportation chamber because of 
bigger conductance of an anode hole. 

Other ion sources such as duoplasmatron and sputtering ion 
source can produce mA solid ion beams. However those ion sources 
nave disadvantages, especially larger energy spread (10 to 50 eV) 
and higher cost per ion current as compared to the present low 
voltage arc discharge ion source [1]. 

The deceleration and deposition of high energy mA ion beams 
from an electromagnetic isotope separator is the other method 
used to obtain a high ion current beam deposition [2]. However, 
this method requires a precise deceleration system. The energy 
spread of the ion beam will be large, and the cost per ion beam will 
be high. Most important, the high cost ion implanter or electro- 
Magnetic isotope separator is not standard equipment in most 
laboratories. 

When depositing ion beams onto an insulating surface, neutra- 
lization of the surface is required to avoid charge build-up. A 
thermal electron emission filament was used in the present system. 
However, for Mg deposition the temperature rise of the substrate, 
due to the thermal filament, induced the re-evaporation of deposits. 
This problem can be solved by 1) the inclusion of a low energy 
electron gun which provides sufficient electron beams to neutralize 


the substrate surface during deposition, and/or 2) cooling the sub- 
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Strate by cooling water or liquid nitrogen circulation. Either 
1) or 2) can be achieved by a slight modification of the substrate 


system. 
5.3 Conclusions 


Tne self-sputtering effect and slow deposition rate are ultimate 
limitations in the low energy ion beam deposition method. Limitations 
due to the system, itself, can be solved with modification to the 
ion source and to the substrate system. 

The low energy ion beam deposition method and the present system 
are superior to the conventional deposition systems even with 
these limitations, if the resulting film characteristics such as 


purity, adhesion, etc. are of prime importance. 
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Chapter 6 


Conclusions 


This chapter summarizes the present study of low energy ion 
beam deposition of metallic thin films. First the system and the 
results of Pb and Mg deposition are described. The advantages of 
the low energy ion beam deposition method compared to the conventional 


deposition methods is then summarized. 
6.1 Low Energy Ion Beam Deposition System 


The system, which was designed and constructed, satisfies all 
required design criteria in order to produce homogeneous thin films 
with precise control of the deposition parameters. 

The operational characteristics of the system are as follows: 

wr = -8 : 
Vacuum Condition: 10 to —10 Torr at the ion beam 
transportation chamber 


107° to 10°? Torr at the substrate 


chamber 
Ion Species: Gas and solid ion beams 
Ion Energy: +10eV to 4KeV 
Ion Current: Up to 20uUA 


Ion source operational time: up to 100 hours with one charge 


é M 
Mass Separation: ™ 10 at the substrate 
Mass Selection: 2 71600 “azmow. 
Substrate: metal, semiconductor and insulator with 


various sizes and shapes 
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Deposition time: 4 hours to 7 hours for 0.25 Coulomb total 


ion dosage. 
aie +: eee 
6.2 Pb and Mg Ion Beam Deposition 


Deposition of Ph and Me’ ion beams were successfully carried 
out by using the low energy ion beam deposition technique. 

The main interest of this research work was the investigation of 
the relationships between the incident particle energies and 
consequent film characteristics. If only space-charge expansion 
and self-sputtering are considered, the optimum deposition energy 
in terms of deposition time for Pb is about 50 eV and 100 eV for Mg. 

For adhesion, all energies used were found to be satisfactory 
for Pb but only energies of 120 eV or higher resulted in good 
adhesion of Mg films. 

For film thickness and surface coverage, the best deposition 
energy is about 50 eV for Pb. For Mg films, the energy range 
between 50 eV and 100 eV is the most desirable. 

For film crystalline structure, higher energy deposition yielded 
a more orientated crystalline structure for Pb deposits. 

A significant effect of variations of ion dose rate was not 


observed in this research work. 
6.3 Advantages of the Low Energy Ion Beam Deposition System 


The most important advantage of this deposition system is the 
precise controllability of deposition parameters. To the author's 


knewledge, this deposition system is presently the best method avail- 
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able for investigating variation of characteristics due to 


changes in deposition parameters. Consequently, this deposition 


system allows precise control of the film characteristics for 


specific applications. 


The deposits obtained by the present system also show superior 


film characteristics as compared to that of conventional deposition 


systems. 


1) 
2) 
3) 


4) 


The main characteristics are as follows: 


strong adhesion for higher energy deposition, 

good surface coverage, no shadowing effect, 

pure homogenous films, 

oriented crystalline structured films deposited at 


higher deposition energies. 
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Appendix 


High Power Laser Optical Materials and Their Damage Thresholds. 


ie Introduction 


ate High Power IR Laser Window Materials. 
Ze bs Single Crystal Alkali-halide Window Materials. 
ZeL Single Crystal II - VI, III - V and. IV Semiconductor 
Window Materials. 
on Chalcogenide Glass IR-window Materials. 


224 Polycrystalline IR Window Materials. 


3. Damage Thresholds for High Power IR Laser Windows. 
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Sy Damage Threshold for High Power IR Mirrors. 
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44. 
1. Introduction 


In the development of high power lasers, especially infrared (IR) 
lasers, the damage of optical material is the fundamental limitation 
of La ie CW or pulsed laser performance, Raising the damage 
thresholds of optical materials, primarily windows and mirrors, increase 


the system reliability and efficiency. 


At present alkali-halides and semiconductors are the most suitable 
materials for high power IR laser window applications. For high power 
IR laser mirror applications, carefully polished and coated copper or 
molybdenum exhibits the highest damage thresholds. The individual 


materials will be considered in detail in the following chapters. 


At this point, the laser-induced damage mechanism has not been 
completely understood. The ultimate or intrinsic strength is related 


> 


to a thermal and /or an avalanche processes However, in many 


situations, optical materials exhibit lower damage thresholds than 
’ sie 2 e's : oh ghee 35.4 

the intrinsic strength because of various extrinsic influences 4 

Two major extrinsic factors have been identified: field enhancement 


caused by mechanical imperfections such as pits and scratches ; 
; bs Be ; 10-14 
and impurities being absorbed on the surface - Only surfaces 


free of defects and impurities can achieve the same intrinsic damage 


level as impurity free bulk materials. 


2. High Power IR Laser Window Materials. 
The development of pulsed and CW high power IR lasers required 
nearly lossless reflection from mirrors and nearly reflectionless and 


lossless transmission through windows. Moreover, for high power 
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LAD: 
IR laser windows, optical distortion of the laser beam during 
operation usually becomes unacceptable well before the mechanical 
failure of windows. 
The significance of a large number of mechanical and optical 
properties for high power IR laser window materials has been 


discussed by ebabikigand | sanaaie net and etieeae “47h 


For a 
complete characterization of high power IR laser window materials, 
the following data should be obtained: 
1 optical spectrum, including the determination of 
the band gap and optical phonon carrier, 
25 index of refraction n and its temperature coefficient 
dn/dT, both in the wavelength region around 10.6un, 
oe residual optical absorption coefficient 6 in trans- 
parent regions, 


4. light scattering characteristics and large-scale 


optical homogeneity, 


a density, specific heat and melting point, 

6. thermal conductivity and thermal expansion, 

The: hardness and resistance to abrasion and moisture, 
Ct yield and fracture strength, 

9. elastic moduli and pheto-elastic constants, 
LOR electric dc conductivity, 
i ie resistance to radiation-induced optical damage. 


From the guideline given by Sparks and others, few types of 


materials transmit well enough at 10.6\m to be used as high power IR 
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laser windows. Namely, single crystal alkali-halides, single 


crystal II-VI, I1I-V and VI semiconductors, chalcogenide glass and 
polycrystalline materials. Table 1 shows the advantages and 


disadvantages of materials for use at Hol ein Table ee shows 


the minimum window thickness under pressure p = 7.3 psi and Table Be 
shows the useful figure of merit for pulsed mode in 10 cm diameter 
windows for possible high power IR laser window materials. From 
these theoretical and experimental results, the most promising 
materials for high power IR laser windows are found among the alkali- 
halides (KCX, NaC) and semiconductors) ZnSe, CdTe, GaAs). Also, 
high power IR laser window materials will need anti-reflection (AR) 
coatings. In addition to AR coatings, several of the promising 
materials will need protective coatings against the deleterious 
effects of the atmosphere, especially of water vapor. 

There are numerous other engineering problems in the window design 
besides the development of suitable window materials. Mechanical 
details of mounting; the manner of cooling the window surfaces and rims; 
the protection of the optical windows during periods when no laser 
beam is transmitted; the question of segmenting the window area; 
aerodynamic loading; the maintenance of a controlled-temperature 
profile; the single pulse, pulse train, of the quasi-continuous 
mode of power transmission. These are all important aspects of the 


high power IR laser window problems. 


2.1 Single Crystal Alkali-Halide Window Materials. 

The main advantages of alkali-halides are their low intrinsic 
absorption and their availability in sufficiently pure and large sizes. 
The main disadvantage of the pure ionic single crystal materials lie 


in their mechanical properties. In addition, some material candidates 
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Table 2 


Minimum Window Thickness 


Pressure-induced optical distortion 


10-22,/D 
Material Fracture De =" 1) em D= 10cm D = 100 cm 
10° “2,./D 
ZnSe 3.00 Te3 1996 eh 
CdTe 8.03 1.66 23:03 GSE iy] 
GaAs i. 65 dee 2n0 2.00 Os LS 
Ge 2.01 1.24 196 210 
KC& 12.9 1.40 geod Seok 
KBr [6c 1.49 2.36 3.74 
NaC sb ee) ieZo 1.99 3,15 
KRS-5 (T1Br-TIL) 5. 60 2.23 Sis 8} 5.60 


Ge, ,Sb, Se, glass NAS | 1.84 2592 4.63 
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for use at 10.6 m are hygroscopic and need a protective coating 

against atmospheric attack. Your had shown that NaC, tightly 

sealed with a vitreous coat of As, 54> can be remarkably stable. 

This is a convenient match for small windows as the ss expansion 
coefficient for As, S. G2acx 107°/°c) is just a little less than that 
for NaC2 (31 x 10 -°/°c). These vitreous coatings also serve as a pro- 
tective against color center formation by UV radiation and may serve as 


the high index component of an AR coating (BaF, is commonly used as the 


2 
low index component). 

In order to overcome poor mechanical properties of these ionic crys- 
tals, several methods of strengthening these methods include: a mix- 
ture of cations or anions, solid solution formation, use of systems with 
solid-solid immiscibility, and polycrystalline formation. The crystals 
are strengthened by about an order of magnitude by the addition of cer- 
tain ions with an unknown effect on the Bheoreravity c- 

The most promising material for a window at 10.6uUm appears to be a 
single crystal KCt strengthened with addition of Sr, orientated in cer- 
tain crystal directions normal to the window face and completely coated 
with 1/4 films of As, S 3 OF As, Se... Possible alternatives are the 
systems KBr:Sr and NaCf:Ca, similarly orientated and coated , 

2.2 Single Crystal II-VI, III-V and IV Semiconductor Window Materials. 

The main disadvantages of these types of semiconductors are their 
narrow band gaps which make them susceptible to thermal runaway or 
avalanche impact ionization at low levels of laser radiation. In order 


to keep the free carrier absorption low at room temperature, energy gap 


should be very roughly greater than 0.7eV. The value of energy gap tends 


to increase as the masses of the elements in the crystal decrease 
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and as the amount of ionic bonding increases. The mechanical and 
chemical properties of materials (strength, hardness, hygroscopicity, 
etc.) tend to be better for crystals containing light masses and for 
those with small amounts of ionic bonding. The masses of the elements 
in the crystal must not be too light or the lattice absorption will 

be too large. They also must not be too heavy or the free carrier 
absorption will be too large and they will have poor physical and 
thermal properties. This relationship is shown in Table 4. 

From this point of view, the most promising semiconductor materials 
for high power IR iaser windows are CdTe, ZnSe, GaAs and Ge. These 
materials also show the good figure of merit (refer to Table 3). 

Table 4 


Summary of trends of material properties 


materials containing light masses ionic bounded materials 


_ Tren 60) 264 pene) eS SS —— 


high lattice absorption. low lattice absorption. 

low free-carrier absorption low free-carrier absorption. 

good mechanical, chemical and poor mechanical, chemical 
thermal properties. and thermal properties. 


One of the greatest disadvantages of most II-VI, III-V and VI 
semiconductor materials is that they are not available as large 
single crystals. Also AR coatings are especially important for semi- 
conductor materials, because the large value of their refractive 
; , ; ; 8,29 
index gives rise to large reflection losses ‘ 


One of the exceptional semiconductor materials for high power 


IR laser windows is diamond which has good physical, chemical and 
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thermal properties. baie lace Hand leony and oda showed the superior 
properties of diamond for high power IR laser window application. 
Table 5 illustrates the properties of diamond. The main disadvantages 
of diamond are the difficulty to obtain sufficient size, and its 
prohibitive price. This prevents the further applications of diamonds 
for high power IR laser windows. 

2.3 Chalcogenid Glass IR Window Materials. 

In addition to the absorption at 10.6um due to oxide Tapes. oe 
homogenous chalcogenide glasses posses a number of inherent Ge abaere 
as high power IR laser windows, especially: low strength, low thermal 
conductivities, and high coefficients of thermal expansion. 

Table 5 


Physical and Optical Properties of Diamond 


Refractive Index (8-13,) peek Hardness (Knoop 50 gm) 9800 
Transmission (8-131) 2102 Density (gm/cc) 35 
ppeoraricn @ 10.6u 7056) ain Flexural Strength (psi) 700, O( 
Thermal Expansion (x10 °/°C) 1.05 Young's Nodutue(eaietne} 100 
Thermal Conductivity (cgs) 22.8W Electrical Resistivity (ohmcm) >10?°; 
Specific Heat (C: 3 fem? °K) IPSs 


Although chalcogenide glasses have a number of disadvantages, 
they should remain candidates for both bulk and coatings for high 
power IR laser windows, because of the ease of fabrication of large 


sizes and the lack of reactivity with atmosphere. 
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2.4 Polycrystalline IR Window Materials. 

In general, the fine grain sized polycrystalline materials have 
much better tensile strength. Single crystals of the materials 
potentially cera as high power IR laser windows can be significantly 
weaker than fine grain polycrystalline counterparts because of 
dislocation blocking. The difference in strength may be an order of 
magnitude between the two. The successful production of strengthened 
polycrystalline KC (in excess of 9000 psi) by grain size control has 
been reported 

However, for a given compound in polycrystalline form as compared 
to single crystal form, absorption is expected to be greater for poly- 
crystalline form, other properties being equal. The main reasons for 
this effect are: the free-carrier problem at grain boundaries and 


: : ; ee 
increased impurity concentration. 


3. Damage Thresholds for High Power IR Laser Windows. 

At the 1973 Damage Symposium, a few reports on damage measurements 
of high power IR windows were published for the first time. To 
evaluate the damage thresholds of windows in terms of a few basic 
physical principles is very difficult, because of the multitude of 
laser characteristics and the multitude of component structures used. 
Lasers operated at CW, pulsed and various repetition rates produced 
different effects in amorphous, polycrystalline and single crystal 
materials depending upon the presence or absence of coatings on 
surface of different microscopic structures. For defect and impurity 
free surfaces, damage thresholds, in terms of the amplitude of the 
electric field, were identical to bulk values. This intrinsic 


strength was achieved under pulsed conditions regardless of crystalline 
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orientation. However, when these same materials were subjected to 
high power CW loading, definite orientation effects were noted. 

For either pulsed or CW irradiation, alloys or mixtures of two 
materials tend to damage at a level for the two individual components. 
Essentially, in all cases coatings reduces damage resistance compared 
to the bare surfaces. 

Hughes Research Laboratories reported detailed results on three 
prime candidate high power 10.6um laser window materials, namely KC%, 

34 


ZnSe and CdTe. Their results are shown in Table 6 . Laser used in 


their experiments is uv-preionized TEA laser, operating TEMOO and 


emitting pulses of 600 nsec duration. Their primary conclusions are: 

Le the damages occurred primarily at the surface for 
KCX and CdTe, but in the bulk for ZnSe, 

» the failure within ZnSe was initiated at voids 
surrounded by Zn, or a Zn rich ZnSe region, 

3 damage thresholds were generally lower for coated 
windows than for uncoated windows, 

4. KCX exhibited the highest damage thresholds while 
CdTe did the lowest. 

Darin reported on damage to Ge, KCX amd NaC% from TEMOO, 
75n-sec pulsed co, laser. He noted that in these materials damage 
always occurs at the surface, and may or may not be accompanied by a 
plasma. In addition, he observed plasma formation without damage. 
If this is the case one may be able to clean surfaces by slowly 
raising the laser radiation levels and thus remove deleterious 

2 


particles. Single shot damage on Ge surface occurred at 13 J/cm’, 


while 100 irradiations at 7.5 Sfem* produced no visible damage. 
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Similar results were obtained when employing good AR coatings. For 
the alkali-halides he observed a general dissipation of plasma 
breakdown over the first 50 exposures at 7.5 a eas For these same 
materials he observed no difference in damage levels between the 
“Tit and *<l0U>“cerystal faces. 

Posen, et. al. investigated the interaction of an intense CW 


10.6um CO, laser with single crystals of KC%, KBr and alloy ALQLOY 


2 


(KGL ) as a function of crystal orientation. They found 


983) "0. 67 
a definite relationship between crystal orientations, and damage 


levels. Their results are shown in Table oo This difference is 


due to the relatively long term thermal interaction in the CW case 

as opposed to the transient processes in the case of pulsed damage. 
The controlling failure mechanism with coated windows is probably 

the initiation of plastic deformation in the weaker elements of either 


the coatings or the substrates. 


4. High Power IR Laser Mirror Materials. 
The basic requirements for high power IR laser mirrors are: high 
reflectivity, high damage thresholds and good thermal and mechanical 


properties. 
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Table 6 
Damage Thresholds of KC, ZnSe and CdTe 


Substrate coatings bulk coating damage 


absorption absorption thresholds tiene 
/cm %Z/surface 
KCL none 0.0007 -- ee) 
As,8,/ThF, 0.00096 0.19 31 
ThF 0.0015 0.80 10-6 
ZnSe none 0.02 - y 316 
none 0.009 - 41 
BaF, /Zns 0.0041 Oe27 27 
CdTe none 0.0034 - 2.6 
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Table 7 


Damage thresholds of KCX, KBr and ALQLOY 


Substrate orientation coatings damage Eu em 
thresholds 
KC <110> none >38 
sf i i 2 none >38 
<100> none >38 
<110> 12uGe L4e3 
i ks Bes 12uGe 14.6 
<100> 12uGe Dek 
KBr <100> none >38 
ALQLOY <110> none >38 
LE none >38 
<100> none 28.5 


At this point the candidate substrate materials for high power IR 
mirrors are established and damage experiments have been carried out. 
Presently the main problem is the substrate finish of the substrate 
materials and suitable coating materials and methods. 

The high reflectivity can potentially be produced in a number 

‘ : 3d } : 38 
of different ways. The super-polished or diamond machined 
metal surfaces achieve 98% reflectivity. The vacuum evaporated or 
sputtered films of a number of different metals can achieve higher 
Beet 


reflectivity - In the case of silver, however, a protective 


dielectric coating must be applied to provide protection against 
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atmospheric degradation. When reflectivities greater than 99% are 
; ; : / 42-44 
required, multilayer dielectric films are necessary : 

In the past, uncoated mirrors of beryllium-copper or molybdenum 
have exhibited the highest damage thresholds, therefore they have 
been prefered to low absorption but more easily damaged coated 
metal mirrors. The lowest absorption metallic coatings were obtained 
by depositing silver in UHV environment on substrate having surface 


roughness less than 20A eee 


However, such coatings can 
reduce the damage thresholds of conventionally polished bare metal 
mirrors by as much as a factor of 2. 

The most practical design for high power IR laser mirror 
applications is the enhanced metallic reflector which consists of a 
metal layer coated with pairs of alternating, quarter wavelength 
thick, low and high refractive index dielectrics. In principle 
this type of mirror can have a reflectivity approaching 100% as have 
been achieved in pure dielectric ORC avers However, the choice 
of dielectric layers for use in high power IR laser mirror coatings 
is very difficult. For optimum performance one wants the largest 
possible refractive index ratio between the two materials. As 
shown in the former chapter, the choice of low refractive index 
materials are limited by the fact that most of the materials with 
low absorption, such as alkali-halides, have poor physical properties. 
The choice of high refractive index materials is also limited by the 
fact that the highest index materials, such as Ge, are semiconductors 


with small bandgaps. 
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5. Damage Thresholds for High Power IR Mirrors. 

Hughes Research Laboratories have conducted continuous damage 
experiments for high power IR mirrors. At the 1972 Damage Symposium, 
Wang, et. al. reported the measurements of damage threshold values 
of various substrate (Mo, Cu, Ni quartz, etc), metal films (Au, Ag 
and Cu) and dielectric coated mirrors by using a multimode, pulsed 
CO, laser. The mirror samples were exposed to 10.6um pulses of 1 
to 10H sec duration with energy fluxes of up to 200 Wena: Their 
results are shown in Table Gace For uncoated metal mirrors, Cu 
or Mo had the highest damage threshold values because of their 
high thermal conductivities. Copper was observed to fail through 
localized meiting and oxidation which resulted in noticeable 
discolorations and enhanced diffused scattering. 

Since the absorption coefficient of thin films of Cu or Ag is 
generally lower than that of simple refractory substrates, 
improvements in damage resistance might be expected by employing 
low loss metallic films over a substrate, thus lowering the absorbed 
enefaee™ However, such coatings did not effectively increase 
damage thresholds as shown in Table 8. The reasons for this effect 
is the imperfect surface and coating conditions such as defects and 
impurities. The copper coatings upon copper substrates exhibited 
the best resistance to damage. Gold and molybdenum substrates 
exhibited similar results. The presence of a dielectric overcoating, 
which allows easier handling and cleaning of metal mirrors, reduces 


the threshold values moderately. 
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substrate 


Cu 

Mo 
Electroless 
Ni 

Cu 

Cu 

Cu 

Mo/blaze 

Mo 


Electroless 
Ni 

/ 
Quartz 
Electroless 


Ni 


Electroless 
Ni 


Mo 


* + 30% 


Tabl 


coatings 


none 
none 


none 


sputtered Cu 
vacuum dep.Cu 
Ag/ThF , 
Au (501) 


vacuum dep.Cu 


Ag 


Ag/ThF/, 


cu/ThF , /caTe ‘ 


Ag/ThE, /cate ‘ 


cu/ThF, /cate ‘ 


e 8 


Absorption 
he 


v2 


U2 


ath 


2)0.5 
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Damage thresholds for various mirrors 


* 
Damage 
threshold 
(J/cm2) 
>140 

>140 


1030 


>140 
~140 
4070 
u75 
75v140 


20-40 


~10 


10 
10 


10 
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Pulse 
length 
(usec) 


10 
2 
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10 


10 
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They also tested the dielectric enhanced multilayer mirrors which 
have the potential for the lowest absorption and thus the possibility 
for very high incident energy fluxes. However, these multilayer 
mirrors have material limitations stemming from either poor bonding, 
residual stresses, or thermal expansion induced stress. In addition 
to these limitations, there is damage by localized pitting due to 
inhomogeneous thin films. This thin filminhomogeneity mechanism limits 
performance of this type of mirror to well below the performance of 
simple metal mirrors. It is expected that removal of inhomogeneous 
materials from thin films will considerably improve their performance 
for laser damage. With the provision that the expected low 
absorption of the dielectric enhanced multilayer mirrors can be 
maintained uniformly over the surface, the ultimate performance of 
these mirrors may be far superior to metal reflectors, especially 
at short pulse-length. 

In their next experiment, Wang, et. Aileen used a pulsed (gain 


switched) CO, laser with controlled transverse modes and TEMOO operat- 


2 
ion. The pulse length was 0.6U sec. They investigated the damage 
susceptibility of bare metal mirrors and CdTe/ThF, , ZnTe/ZnS and 
ASS ,/KCh dielectric enhanced metal mirrors. They concluded that 
under their experimental conditions, failure in narrow band gap 
II-VI semiconductors, such as CdTe or ZnTe, is characterized by 
avalanche impact ionization at very low radiation levels. Micro- 
scopic examination showed that threshold damage was characterized by 


microcraters, probably due to impurities or other defects. Films 


characterized by high absorption values failed at low illumination 
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levels through a cracking and separation of the films, while for 

low absorption coatings, damage sensitivity was greatly reduced and 
the failure was characterized by an initial dislocation and subsequent 
appearance of interference patterns within the films. 

In general bare metal mirrors of Cu and Mo damaged at 35 lems, 
while narrow band gap II-VI semiconductors like CdTe and ZnTe 
exhibited damage thresholds of only 1-2 Then Conversely, wide 
band gap dielectrics such as AS, 54> KC2 and ThF did not fail until 
30-6) Gere exposure levels were reached. Unlike previously reported 
results in the multimode measurements, these single mode exposures 
showed damage levels less than multimode exposures. The absorption 
coefficients, particularly for coated mirrors, were of utmost 
importance in controlling the resulting damage levels. 

In their most recent experiments, Soileau and Wang investigated the 
damage thresholds for metal mirrors with various surface treatments. 
They used the same laser system described previously. Their results 
are shown in Table ow They ,conchudedsthat a-sienificant changesin 
damage thresholds can occur when unconventional substrate and/or 
coating processes are used, and that it may be possible to produce 
very low absorption metal mirrors without compromising the catastrophic 
failure threshold for high flux radiation levels. The dispersion- 
hardened sputtered copper, the dispersion-hardened sputtered copper 
coated with rf sputtered silver and the uncoated diamond machined 
copper mirrors showed the highest damage threshold values. They 


mentioned that the sputtering coatings behaved as if they were heavily 


cold worked and also the diamond machined copper showed evidence oi 
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Table 9 


Damage thresholds for metal mirrors 


LoS 


substrate coating reflectance damage 9 
i threshold J/cm 
Dispersion none 0.9846 127 
hardened 
sputtered Cu evaporated 0.99+0.002 63 
on OFHCCu Ag 
rf.sputter 0.9879 103 
Ag 
rf sputter 0°99 63 
Ag 
Diamond none 0.9908 103 
machined 
OFHC Cu evaporated 0.99+0.002 <34 
Ag 
OFHC Cu none 0.9835 34 
Mo none 0.9788 43 
BeCu none 0.9801 51 
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cola working. 


6. Conclusion 

The most promising materials for high power IR laser windows are 
found among the alkali-halides (KC, KBr, and NaC) strengthened by 
ion doping, polycrystalline formation, etc., and semiconductors 
(ZnSe, CdTe, GaAs) produced by high-purity methods. 

The most promising mirrors for high power IR laser applications 
are the dispersion-hardened sputtered Cu, and the sputtered coatings 
with highly purified thin films. 

The use of refined polishing or machining techniques can raise 
the surface damage thresholds to the bulk damage thresholds. 

In thin film coatings, the list of parameters that can influence 
the damage threshold is very long. Composition, defect concentration, 
structure, residual stress, scattering, absorption, angle of incidence, 
and substrate material are some of the factors that may influence 
the values obtained. In general, narrow band gap semiconductors 
exhibit very low thresholds, while wide band gap dielectrics often 


exhibit high damage thresholds. 
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